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Semiconductors are now the foundation of modern electronic devices, like mobile 
phones, computers, etc, which are becoming an indispensable part of people’s daily 
life. Polymeric materials are fast developing to be a promising candidate for the 
manufacturing of semiconducting devices. They have numbers of advantages like 
flexibility, light weight, low cost, etc, over the conventional silicon option. Similar to 
metal alloys or composite, use of blends of polymers in organic devices is feasible to 
modify the product properties, sometimes even possessing new features which not 
present in either component. 
 
The electronic properties of semiconducting polymeric materials have been 
extensively studied, and well understood. However the physical structure in such 
devices is more difficult to investigate and thus less well understood. Since blends of 
polymers are becoming a common option in manufacturing the devices, it is 
important to gain more understanding of the devices physics. In this work, the 
interface structure and morphology changes in bilayer systems consisting 
semiconducting polymers and ordinary polymers have been studied.  
 
The literature survey chapter introduces the origin of conjugated polymers and the 
photovoltaic related properties of semiconducting polymers are also introduced. The 
development of semiconducting polymer applications, light emitting diodes, solar 
cells and field effect transistors, is reviewed. Fundamental knowledge of polymer 
physics, and its relation to the thin film devices are introduced. 
 
The results part consists of three chapters. The first chapter is a report of a neutron 
reflectivity study on bilayer devices containing poly(2,7-(9,9)-di-n-octylfluorene)-alt-
(1,4-phenylene-((4-sec-butylphenyl)imino)-1,4-phenylene))(TFB). Neutron data 
analysis revealed unexpected mixing at the interface between two immiscible 
polymer layers, forming an insoluble layer after thermal annealing and solvent rinsing. 
This layer has been found to improve the device performance according to 
Cambridge Display Technology Ltd. The fitting also indicated phase segregation in 
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the poly(styrene sulfonate)/poly(ethyl dioxy thiophene) (PSS/PEDOT) blend polymer 
layer might be occurring.  
 
The second results chapter is an investigation on bilayer polymer thin film systems 
including poly(styrene sulfonate)(PSS) and polystyrene(PS) or poly(methyl 
methacrylate)(PMMA). Similar thermal treatment as on the TFB based system was 
applied on these bilayer systems. Vibration spectroscopy, surface morphology and 
device structure characterisations were applied to the system following the treatment 
process. Evidence of a new insoluble layer formation was reported for PMMA/PSS 
system.  
 
The final results chapter is about the study on polythiophene (PT)/polyethylene (PE) 
thin film devices. Samples included pure polymer and blends with different weight 
ratio. Neutron reflectivity measurements were taken at ISIS, Oxford. Results didn’t 
give good specular data, indicating a rough sample surface. Reflective optical 
microscopy study showed non-homogeneous mixing in the PT/PE blend samples, 
with clear phase separation observed. Thermal treatment was applied to all samples, 
and the microscopy images taken afterwards showed limited differences with the 
pre-annealed ones. 
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1.1 Background 
 
The use of semiconductors has lead to a revolutionary change in the electronics 
industry. Now with the use of semiconducting polymeric materials in modern 
electronic devices, countless lighter, smaller, thinner products are being introduced. 
This is highly likely to be another revolutionary development. The major advantages 
of semiconducting polymers over traditional materials like silicon are the light weight, 
flexible shape and easy solution processability.  
 
Active matrix organic light emitting diodes (AMOLED) based on semiconducting 
polymers are already extensively used in efficient displays on digital devices and 
solid state lighting applications. It dominates in small electronic device display 
markets like mobile phones and portable multimedia players, where the weight and 
energy cost are crucial in device design. [1] In the bigger screen size market, like 
computer monitor, television applications, the OLEDs starts challenge liquid crystal 
display (LCD) technology. It can provide larger viewing angle, greater contrast and 
brightness, and feasiblity to manufacture thinner and lighter products, even in 3D 
form. [2-5]  
 
Semiconducting polymers not only do well in emitting light, they also can absorb light 
and generate energy. The demand for primary energy is expected to increase 50% 
to 60% in the next two decades with the major increase in electricity demand, 
predicted by the Organisation for Economic Co-operation and Development and 
International Energy Agency. [6] With the politically related unstable crude oil price, 
and consideration on the impact of the ‘Global Warming’ [7], Scientists already turned 
their sight on to renewable energy sources. Hydropower and nuclear power are 
already largely used as electricity sources after fossil fuel nowadays, due to their 
high benefit. However they are both not environmental friendly, with the possibility of 
Chapter 1. Introduction 
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causing geological problem and radiation. Solar energy is the promising candidate 
within the renewable energy club. Figure 1.1 showed that at the end of 2006, 
biofuels was the most used new renewable energy, with solar and wind energy 
following.  Solar energy was reported to have the fastest annual growth rate in the 
very recent decade. [8] Barnham used strong evidences to show solar photovoltaics 
can be the solution to the energy crisis prior to the nuclear application, even in the 
UK. [9] Over the whole world, the sunlight reaching the surface of earth is reported to 
be a thousand times more than consumed by humans. [10] 
 
Figure 1.1: Renewable energy consumption during 2006. [11] 
The research on the PV effect can be traced back to 1839, when Becquerel found an 
electric current by illuminating a silver chloride electrode which was dipped into an 
electrolyte solution. [12] Three generations of modern solar PV cells have been 
developed after the development of diffused silicon p-n junction.[9][13]  The 1st  
generation solar cell is crystalline solar panels, mostly using silicon wafers, is now 
widely used on rooftops and for free-standing systems around the world. The 2nd 
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generation thin-film solar panels use raw materials such as a-Si and some rare 
elements. The 3rd generation high efficiency organic PV cell is currently only applied 
in space technology due to the extremely high cost. There are some new ideas, like 
using the temperature difference between deep ocean and ocean surface to gather 
solar energy. [14] However significant developments on solar cells are mainly on 
semiconducting polymer thin film devices, which have a promising future and have 
attracted lots of interest from researchers.  
 
Polymer blends are more and more used in these applications due to the ability to 
tune physical propertie. Since polymer devices are usually solution processed, 
blending is an attractive approach to optimise the device function. [15] In order to gain 
semiconducting polymers more commercial acceptance, a better understanding of 
the behaviour of the polymers during device manufacture and during a device's 
lifetime is needed. A highly conductive blend of a substituted polythiophene ionomer 
complex with a polyanion, PEDOT:PSS, brand name CLEVIOS from Heraues, 
Gemany, previously H.C.Starck, Germany, is widely used in organic PV industry and 
reseach. [16] This research studied the possible blending effect between PSS and 
various other polymers, from complicated less studied conjugated polymer, to well 
understood ordinary polymers, in a bilayer system. 
 
1.2 Project Aims 
 
This project was designed to contribute research of physical structure of polymer thin 
film devices. Aims were to 
• Prepare multiple layer thin films consisting of semiconducting conjugated 
polymer and selected ordinary polymers. 
• Investigate the physical structure change within the multiple layer devices 
upon thermal treatment. 
• Gain understanding of the mechanism for interlayer formation in the thin film 
devices.
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This chapter first introduces the general knowledge and development of 
semiconducting polymers, followed by a literature survey of the applications and their 
development. Specific types of conjugated polymers are introduced later on. 
Theories of polymer physics in relation of thin film and interfaces are introduced 
finally. 
 
 
2.1 Introduction to Semi-Conducting Polymers 
 
2.1.1 Semi-Conductors 
 
The discovery and application of semiconducting materials in early last century has 
been a revolution in practical electronics and the resulting instrumentation. [17] They 
are now becoming the foundation of modern electronic devices, like radios, 
computers and mobile phones. Semiconducting materials possess intermediate 
electrical conductivity in magnitude between that of a conductor and an insulator. 
Different from metallic conductors, current flow in semiconductors is not only carried 
by the flow of electrons, but can also by the flow of positively charged “holes” in the 
electron structure of the material. Though actually, both methods of flow are caused 
by the movement of electrons. Commonly used semi-conducting materials are 
crystalline solids. Silicon is used to manufacture most of the semiconductor devices 
commercially. Other forms of devices are rapidly developing, especially thin film 
organic semi-conductors. Compared to traditional silicon devices, they are generally 
cheaper, lighter and more flexible, further expanding the applications. 
 
 
Chapter 2. Literature Review 
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2.1.2 Conjugated Polymers 
 
The 2000 Nobel Prize for Chemistry was awarded to A.J. Heeger, A.G. MacDiarmid 
and H. Shirakawa “for the discovery and development of electrically conductive 
polymers”. [18] Such a big honour to them, because their discovery was surprising, 
almost subversive to people’s understanding of polymers, which used to treat plastic 
as a kind of material possessing opposite electrical properties to metal, that is, being 
insulating to electricity. In their experiments, upon oxidation with halogens, which 
was termed ‘doping’, the conductivity of polyacetylene films increased by 109 fold to 
105 S∙m-1, comparative to metals. [18] Since the conductivity of conjugated polymers 
can change over such large range, even in the doped state, and can transfer 
between an insulator and a metal, they were classified as semiconductors. This 
discovery expands the utility of polymers into an entirely new area, as conjugated 
polymers offer a unique combination of properties not available from other known 
materials, that is, not only possessing the electronic properties of metals and 
semiconductors, but also keeping the processing advantages and mechanical 
properties, such as flexibility and low density, of polymers. [19] These advantages 
make conjugated polymers quite attractive in applications that require large areas 
and curved surfaces.  
 
After polyacetylene, more and more conjugated polymers have been discovered and 
synthesised, but polyacetylene remains as the simplest conjugated polymer, due to 
having no side function groups and a simple linear hydrocarbon structure. (Figure 
2.1) It possesses the very basic structure of conjugated polymers, that is, alternating 
single and double bonds along the backbone. As Figure 2.2 reflects, each carbon 
atom is connected to neighbouring carbons with a single covalent bond and a double 
covalent bond, and another single covalent bond with a hydrogen atom. According to 
classic valence bond and hybridisation orbital theory, these carbon atoms are in an 
sp2 hybridised configuration (Figure 2.2), with three σ-bonds lying in a plane with 120° 
angles between each two, and the π-bonds, formed by overlapping delocalised pz-
orbitals from neighbouring carbon atoms. [19,20] Expanding to the whole polymer 
chain, it is believed that the π-bonds within a single chain are not separated, but 
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seems to be merged to form an electrical network wrapping the whole chain 
molecule. (Figure 2.3(a)) Conjugated polymers generally have conductivity within a 
range of 103 to 10-8 S∙m-1. This is between that of insulators and metals. That is why 
conjugated polymers have been classified into the semiconductor category. 
 
 
Figure 2.1: Molecular structures of some conjugated polymers. 
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(a)                                                                (b) 
Figure 2.2: (a) The sp2 hybridisation. (b).the shape of pz-orbital.  
Graph reproduced from reference [21]. 
 
Saturated polymers are insulators due to the high energy gap between a bonding σ-
orbital to an anti-bonding σ*-orbital, which is 6eV or more. Such a promotion of 
electrons, which is the lowest energy excitations possible in saturated polymers, will 
lead to degradation of the polymer as the σ-bonds are essential to form the polymer 
backbone. [19] The thing that makes conjugated polymer different to saturated 
polymers is the π-bands formed by delocalized pz-orbitals. The π-bands are also 
divided into two different energy level sub-bands, π and π* sub-bands, like σ-bands. 
In most conjugated polymers, like polyacetylene, the repeat unit has an even number 
of atoms on the backbone,  and each atom on the backbone provides one π-electron, 
which makes all lower energy level π-bands fully filled and leaves all higher energy 
level π*-bands empty. [19] Because no partially filled bands exist, and the energy gap 
between π and π* sub-bands, for example ~2eV in polyacetylene [22], is still too great 
for thermally activated conduction, most conjugated polymers in their pristine state, 
possess very low electron mobility, therefore are not conductive, or have very low 
conductivity. Since the energy gap between π and π* sub-bands is much lower than 
that between σ and σ* sub-bands, it is much easier to achieve such excitation, and 
such electron transfer will not break the backbone structure, making conducting 
feasible.  This excitation, called “Doping”, will bring electrons to higher unfilled π* 
sub-bands, leaving “holes” on the lower π sub-bands, and making conjugated 
polymers conductive.  
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2.1.3 Doping Mechanism of Semi-Conducting Materials 
 
Doping, as mentioned above, is the term used to describe charge injection onto the 
conjugated semi-conductive macromolecular chains. It can be accomplished by 
several mechanisms. [19] Redox chemistry is the very first developed one, involving 
oxidation or reduction reactions. It is a very straightforward method which can 
achieve very high doping levels, approaching the conductivity of metals, but is 
typically difficult to control. Applications are based on complete doping, like 
conducting fibres.  Electrochemical doping was developed to achieve intermediate 
doping, by precisely controlling the voltage between the conductor polymer and the 
counter-electrode and waiting for electrochemical equilibrium. It is applied in 
electrochemical charge storage, electrochromic materials and light-emitting 
electrochemical cells. The currently popular photovoltaic devices are using photo-
doping, as the induced photons excite electrons, locally oxidise the polymer while 
reduce the nearby polymer, therefore creating an electron-hole pair, generating 
charge. The efficiency of this photovoltaic effect is different in different conjugated 
polymers, as some like poly(phenylene vinylene)(PPV) and polythiophene(PT) have 
high photoluminescence effect, while polyacetylene has low effects due to rapid 
bond relaxation and the formation of solitons.[19] Interfacial charge injection is 
achieved by injecting electrons and holes from metallic contacts into the polymer, 
which doesn’t generate counter-ions, therefore, the injected electrons or holes will 
reside in π or π*-bands as long as a biasing voltage is applied. This leads to field 
effect transistor (FET) and polymer-light emitting diode (LED) applications.  
 
Charge storage on the polymer chains will localise in turn by structural relaxation, 
which has two types, solitons and polarons/bipolarons. Solitons (Figure 2.3e) exist in 
conjugated polymers having two possible degenerate ground state configurations, 
like trans-polyacetylene (Figure 2.3b). They can be treated as an abrupt change from 
one phase to another (Figure 2.3c). Experiments also showed that at the vicinity of 
the domain boundary, the structural relaxation extends over several atoms rather 
than just single atom(Figure 2.3d). Unlike trans-polyacetylene, most conjugated 
polymers, like PPP and cis-polyacetylene, have a nondegenerate ground state 
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energy, where the two possible configurations are not energetically equivalent. [23] In 
these conjugated polymers, polarons and bipolarons (Figure 2.4c/d) are the stable 
nonlinear excitation defects. These ionic species can move along the backbone via 
single and double bond alternation, or even between chains by interchain ‘hoping’, 
yield charge transport.  
Figure 2.3: (a) Undimerised polyacetylene, (b) degenerate A and B phases in trans-
polyacetylene, (c)(d) positive soliton in trans-polyacetylene, (e) band diagram for 
negative and positive solitons. [19] 
 
Figure 2.4: A negative (a) polaron and (b) bipolaron on PPP. Band diagram of (c) negative 
polaron and (d) negative bipolaron. For positive polarons and bipolarons, both 
upper midgap levels are unoccupied and the lower level is either singly occupied or 
unoccupied, respectively. [19] 
 
Although polyacetylene is the simplest conjugated polymer, it has limited interest in 
semiconducting devices due to its degenerate ground state, environmental instability 
and comparatively low structural modification versatility. Other conjugated polymers, 
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especially the polymers possessing ring structures on backbone, like PPP and PPV, 
are more favoured due to the improved environmental stability. 
 
2.1.4 Colourful Conjugated Polymers 
 
The unique electrical structure of conjugated polymers also leads to many other 
interesting properties, such as colour. Due to the tightly connected σ-bonds, 
common polymers have no intrinsic colours, so dyes usually added for this purpose. 
The less tightly bound π-electrons can be easily excited, so the electronic transitions 
are commonly found within visible light spectrum. The chromism of conjugated 
polymers yields lots of applications like photographic media, colour printing, invisible 
ink, colour displays and quality monitors. [24] Since the colour of conjugated polymers 
depends on the chemical structure of the backbone, and is sensitive to the 
conjugated length, temperature, physical shape, solution concentration, interface 
structure and electrical potentials, different conjugated polymers may cover different 
ranges of the visible spectrum, which can be used to optimise the light absorption.  
 
2.2 Applications of Conjugated Polymers 
 
The electro-optical and opto-electronic effects in conjugated polymers have driven 
strong research interest in solid-state photonic devices. These are often classified 
into three categories, light sources, transistors and PV energy conversion devices. 
The principles and developments of these applications are reviewed in this section.  
 
2.2.1 Organic Light-Emitting Diodes 
 
Organic light emitting diodes (OLED) perhaps is the most famous product. It is being 
widely used in display applications in small digital devices nowadays, and Sony has 
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introduced large-size colour displays. [25] The application in solid-state lighting is also 
rapidly developing. Paper-thin, large-area lighting panel prototypes have been 
produced. [26] 
 
2.2.1.1 Development of OLEDs 
 
Practical OLEDs were first reported in 1987, which was using vacuum deposited 
small organic molecule tris-(8-hydroxyquinoline) aluminium (Alq) as the emissive 
layer. [27] Promising polymer LEDs were invented by Burroughes, et al. in 1990, 
using soluble derivatives of PPV as the emissive layer. [28] The layer was applied by 
a much cheaper spin casting method using polymer solutions. Later other studies 
applied commercial ink-jet printing as another economic option to manufacture 
polymer thin films. [29,30] The thickness of emissive layer is typically around 100nm, to 
allow efficient charge injection into and transport through the undoped organic film.  
The organic layer, regardless of using small molecules or conjugated polymers, is 
amorphous or small-grain polycrystalline (5~20 nm crystallites) and highly 
disordered.[27,31,32] Polymer layers will have better mechanical performance due to 
long chain entanglement and strong covalent bonds restricting chain movements, 
whereas only weak Van der Waals attraction is present between molecules in a 
small molecule layer. 
 
Nowadays, OLEDs have been demonstrated with emission wavelengths from the 
ultraviolet to near infrared [31,33-36], internal quantum efficiency near 100% [37,38], 
luminous efficiency of 60 lmW-1 [38,39]. The operating lifetime of OLEDs is 
experiencing a dramatic increase over the past five years according to a Cambridge 
Display Technology (CDT) report. [39] As of 2010, the red phosphorescent OLED can 
maintain brightness of over 500cd/m2 for over 300,000 hours, while 200,000 hours 
and 34,000 hours are possible for green and blue OLED, respectively. However, the 
intrinsic limits of OLED performance have not yet been reached [40]. Since the 
luminance of the white display on a colour cathode ray tube is about 500 cd/m2, 
OLED is more than adequate for display purposes, and its luminous efficiency 
already exceeds other emissive electronic display technologies. [2] 
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2.2.1.2 Advantages and Disadvantages of OLEDs 
 
The current flat-panel display market is dominated by LCD technology, but OLEDs 
possess several advantages.  First the solution-based spin casting or ink-jet printing 
method is much cheaper than the vacuum-involving methods that are being used in 
LCD or plasma displays. Second the suitable substrates OLEDs can be printed on 
include inexpensive flexible plastics, such as poly(ethylene terephthalate)(PET). [3] 
This means light and flexible display products can be made, and also leads to 
fascinating applications such as roll-up displays embedded on fabrics or clothing. On 
performance, OLED can provide greater brightness and shorter response time than 
LCD. [4] Since OLED direct emit lights while LCD and plasma act as filters on 
backlights, a greater artificial contrast ratio and viewing angle can be achieved by 
OLED while maintaining correct and unshifted colour pixels. [2] The non-requirement 
of backlights not only reduces the physical size of display screen, but also further 
reduces the power consumption, offering a better power efficiency. That is why 
OLED is popular in small mobile device screen applications as those devices rely on 
small batteries to provide power.  
 
There are also issues currently hindering OLEDs to reach a commercial stage in 
other feasible areas. These include the current high cost for the required silicon 
backplane substrate, poor resistance to water and UV radiation, poor readability 
under bright ambient light due to the high reflectivity of the metal cathode in OLEDs. 
More importantly, the blue OLEDs have a significantly lower lifetime than green and 
red OLEDs, since the polymers emitting blue lights will degrade a lot quicker than the 
materials emitting other lights, this will raise an issue of colour balance after a certain 
lifetime, and reduce the performance. To address these issues, scientists are 
continuing making efforts on finding cheaper suitable materials, lowering 
manufacturing costs, developing different coating systems and improving device 
performance.  
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2.2.1.3 Structure and Mechanisms of OLEDs 
 
The typical structure of a polymer LED is a multiple-layer ‘sandwich’ architecture, 
with an undoped film of luminescent semiconducting polymer between two 
asymmetric working metal electrodes. Indium-tin-oxide (ITO) is usually employed as 
a transparent anode and calcium as the cathode. Unlike in inorganic LEDs, the 
rectification and light-emitting properties are due to the electrical junction between 
oppositely doped p- and n-type regions. [41] When external forward bias is applied to 
an OLED device, positive holes from the low workfunction metal cathode and 
negative electrons from the high workfunction metal anode are injected into the π 
and π* bands of the polymers in the emissive layer, respectively, and light emits 
when holes and electrons encounter each other and recombine radiatively. [19,42]  
 
Charge injection from the metal contact into the organic semiconductor layer is one 
of the fundamental processes in OLEDs. Knowing the electronic energy structure of 
the thin organic film can help understand the process. Taking the widely investigated 
MEH-PPV (figure 2.5), soluble derivative of PPV, as an example, the electronic 
energy levels (unit eV) of MEH-PPV and the work functions of various metals used 
as contacts in OLEDs, are shown in figure 2.5. [43-45] 
 
Figure 2.5: Left: Work function of selected contact metals used in OLEDs. Center: Electron 
energy level diagram of MEH-PPV. Right: Measured metal energy positions in contact with 
MEH-PPV. (All number unit: eV) 
Sm 2.7 
Ca 2.9 
Mg 3.7 
Al, Ag 4.2 
Cu, ITO 4.6 
Au 5.2 
Pt 5.7 
Ec 2.9 
MEH-PPV 
Ev 5.3 
3.0 Ca 
4.2 Al, Ag 
4.6 Cu, ITO 
5.2 Au,Pt 
14 
 
From the figure, the energy required to remove an electron from highest occupied 
molecular orbital (HOMO) to vacuum, called ionisation potential (Ev), is roughly 5.3 
eV for MEH-PPV. The energy gained when adding an electron to the lowest 
unoccupied molecular orbital (LUMO) from vacuum, called electron affinity (Ec)is 
roughly 2.9 eV. Therefore the energy gap for MEH-PPV, Ev-Ec, is 2.4 eV. The ideal 
Schottky model assumes there is no interaction between a metal and an organic 
material in physical contact, in which case their relative energies are determined by 
the work function of the metal and the electron affinity and ionisation potential of the 
film. [46] The energy barrier for electron injection in this model is: 
Φe =  Ec −  W                                                                                                                        (EQ 2.1)                                                                                                
where W is the work function of the metal contact. For hole injection, which means 
an electron need to be removed, the energy barrier is  
Φh =  Ev −  W                                                                                                                       (EQ 2.2)                                                                                               
Therefore, to inject electrons into MEH-PPV, a metal contact should have a work 
function close to or less than 2.9 eV. To inject holes, and also accept electrons from 
the HOMO of MEH-PPV, the metal contact should have a work function close to or 
greater than 5.3 eV. This is found to apply to many organic semiconductors, and is 
the basis for selecting the proper metal contact when building OLED devices. [47] 
 
The probability that an exciton will decay radiatively in an organic film, called 
luminescence quantum efficiency, is a critical parameter determining the operating 
efficiency of OLEDs. When electrons and holes are injected into organic materials 
their spins are uncorrelated and they combine to form both singlet and triplet 
excitons. In heavy metal containing organic materials, the spin-orbit coupling 
introduced by the metal can help both exciton characters recombine radiatively, 
which can push the internal quantum efficiency of LED device close to 100%. [38] 
Only singlet excitons will recombine radiatively with high efficiency in pure 
hydrocarbon organic materials, like MEH-PPV. Thus the maximum luminescence 
efficiency of polymer based LED is determined by the intrinsic radiative efficiency of 
singlet excitons and the triplet/singlet formation ratios. In conjugated polymers, the 
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ratio of triplets to singlets can be as small as 1/2 depending on the details of the 
polymer electronic structure. [48] This means the luminescence quantum efficiency is 
not a fundamental limit to the maximum operating efficiency of OLEDs. 
 
Semiconducting polymers with energy gaps over 2 eV have very low intrinsic carrier 
concentrations (<105 per cm3) at ambient temperature. [47] Electronically doping can 
increase that concentration by several orders, but also significantly perturb the 
intrinsic properties of the material. The electrical transport properties of undoped 
organic semiconductors are generally described using an electric-field-dependent 
mobility, which is due to the disorder in the organic fim. [49,50] Time-of-flight (TOF) 
carrier transit time measurements and current-voltage (I-V) characteristics of single-
carrier devices in the space-charge-limited current (SCLC) regime have been mainly 
used to measure the charge-carrier mobility in organic semiconductors. [51,52] The 
mobility of thin organic semiconductor films used in OLEDs range from about 10-2 to 
10-7 cm2 V-1 s-1, which are 5-10 orders of magnitude smaller than the mobility of 
typical inorganic semiconductors. [41,53-55] This is a critical point in determining the 
charge-injection and transport characteristics of OLEDs. 
 
2.2.1.4 Single and Multilayer Structure of OLEDs 
 
In the early stage of OLED history, single-layer devices were heavily studied and 
quantitatively understood due to their simple structure. Single-carrier structure 
devices, in which both the energy barriers to electron or hole injection are 
significantly large, do not function as LEDs, but provide a comparatively simple 
situation when studying the operating principles of organic diodes. [47] LED devices 
are two carrier structures, in which energy barriers are small enough for both carrier 
types to be effectively injected. Carrier injections depend on the electric field at the 
injection contact. When the energy barrier for both carrier types is greater than 0.3-
0.4 eV, there will be no interaction between injections at the two contacts. [47] If one 
of the barriers is lower, then its electric field will be likely modified by the carrier 
injection at the other metal contact. 
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Figure 2.6: Single-layer (Left) and Multi-layer (Right) structure of OLEDs. 
 
In the first report of OLEDs, the utility and importance of multilayer device structures, 
consisting of two or three conjugated organic layers, was discussed. [27] The 
structure has been widely used since that, commercial OLEDs are primarily 
multilayer devices. [39] The additional layers have two basic functions. [47] One is to 
block injected carriers from traversing the structure and reaching the other contact 
without recombining. Another one is to act as transport layer to enhance current 
flowing into the emissive layer. These two functions can be used to control the 
location of the recombination zone, the carrier distribution, the voltage required for a 
given current, and the electric field distribution in the device. 
 
Usually in a LED structure, the current is carried primarily by one carrier type. [47] The 
reason can be one of the carrier type has a lower energy barrier to injection or it has 
a higher mobility. For example in MEH-PPV based OLED devices, holes dominate 
the current. Therefore it is possible that injected carriers will travel through a LED 
structure and reach the other contact without recombining. This will lower the 
efficiency and is best avoided. A blocking layer can provide an energy barrier 
between one metal contact and the luminescence layer that the dominant carrier 
type injected from the other contact must overcome to travel through. [27] This will 
prevent the traversing process and significantly improve the device performance.  
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Organic materials having increased carrier mobility or a reduced Schottky barrier can 
be used in the transport layer at a contact to enhance current. In a typical OLED 
device, current is space-charge-limited if the energy barrier to injection is less than 
about 0.4 eV and contact-limited if the barrier is larger than that. [47] The injection 
currents have two components, thermionic emission and tunnelling, and both are 
field-dependent. The tunnelling component increases more with electric field, and will 
dominate the current when electric fields are larger than about 2×106 V cm-1, where 
as below that value, thermionic emission dominates. [47] A reduced energy barrier will 
increase carrier density at the interface, thus enhancing the current. Increased 
mobility will directly help carrier injection, and transferring carriers into the low 
mobility emissive layer. Both can reduce the required voltage to achieve the same 
current density. 
 
When designing a multilayer structure OLED, the relative energy levels and the 
mobilities of the electrons and holes in the organic layers are crucial parameters. 
Thus it is important to understand the distribution of fields, carriers, and 
recombination in operating devices. For example, high fields near the injecting 
contact can lead to device degradation, and radiative recombination can be 
suppressed near metal contacts. But these distributions are difficult to measure, and 
the relative importance of charge-carrier blocking versus improved carrier transport 
of the additional organic layers is still unclear. That makes detailed understanding of 
multilayer device physics essential.  
 
2.2.2 Organic Solar Cells 
 
2.2.2.1 Structure and Mechanism of Organic Solar Cells 
 
Organic solar cells are based on almost same sandwich structure as OLEDs. 
However, the charge is generated inside the polymer upon photo-excitation, and no 
external bias is applied. In order to use in photodetectors or in PV device mode, the 
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potential difference between the electrodes must be high enough to overcome the 
Coulomb attraction force of the exciton. This allows the photo generated holes and 
electrons to separate and move towards different metal electrode layer rather than 
create excitons which decay geminately. (Figure 2.7) Usually, the workfunction 
difference is not high enough to generate sufficient charge, so the PV cell operation 
is limited. [42] 
 
The big advantages of organic solar cells over traditional solid silicon cells are the 
low cost and the flexibility. They are much lighter than silicon based cells, which 
means they can be easily coated on the full area of curved roof surfaces and even 
the south walls of buildings without special reinforcement. However, the problem 
limiting broad application is the low power conversion efficiencies, which were 
recently reported approaching 10% by Heliatek GmbH [56], but still only the half of 
what silicon can provide [57], and their poor stability, which results in considerably 
shorter lifetimes, typically measured in days. 
 
An approach to increase the photo-induced charge generation efficiency proposed in 
the early 1990s by forming a rectifying Schottky-type junction between the 
semiconducting polymer and one of the metal electrodes didn’t achieve satisfying 
results. [58] A more successful approach by adding another charge generation 
sensitising component to the single phase conjugated polymer to form a 
donor/acceptor structure in the ‘sandwich’ was suggested, which by much research 
showed that by using either blends or bilayer donor/acceptor structures, the 
photovoltaic effect can be greatly improved, increasing power conversion efficiency 
from below 0.01% to around 5%. [42,59] Blend composites of conducting polymers and 
electron acceptors, which have an interpenetrating ‘bulk-heterojunction’ network, has 
advantages over efficiency limited bilayer structure, since it has more donor/acceptor 
interfaces and a shortened distance for exciton diffusion to reach the interface, 
hence improving the charge separation and transport efficiencies.   
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Figure 2.7: Charge generation process in a single layer conjugated polymer device under 
short circuit conditions in the Metal-Insulator-Metal model. VB valence band, CB 
conduction band, Eg bandgap, P*,P- positive and negative polarons. [42] 
 
Figure 2.8: (a) Operating mechanism of a typical bulk heterojunction polymer solar cell.  
(b) Energy levels in an ideal bulk heterojunction system under flat band 
conditions. solid line: donor; dashed line: acceptor; A: Anode; C:Cathode. 
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Upon photo-excitation, many conjugated polymers will have their electrons promoted 
to the anti-bonding π* bands, therefore they can play the role of electron donors. The 
existence of electron acceptors, in which the energy level of the lowest unoccupied 
molecular orbital (LUMO) is lower than that of π*-band in the conjugated polymer, 
(Figure 2.8b) results in the photo-excited electrons transferring to the acceptor 
moiety, leaving the positive polarons on the conjugated polymer backbone, which 
according to previous illustration, are to be highly delocalised, mobile, and stable as 
generated by chemical or electrochemical doping mechanisms. [19] Under the driving 
force between two different workfunction semiconductor-metal interfaces, electrons 
and holes move onto different electrodes, generating a photo-current. In an ideal 
donor/acceptor solar cell, the workfuncion of metal anode and cathode will equal that 
of the highest occupied molecular orbital (HOMO) of the donor and the LUMO of the 
acceptor, respectively. [19] Generally it is very hard to achieve completely equal 
energy levels, despite not considering the interface homogeneity. But the energy 
difference can be minimised by careful selection of polymer pairs, or using an extra 
charge collection layer as an intermediate step to break the large energy gap into 
smaller ones, thus reduce the electron transfer difficulty.  
 
2.2.2.2 Materials in Organic Solar Cells 
 
Fullerenes, and their derivatives, including carbon nanotubes, are strong candidates 
as acceptors, since Sariciftci et al. observed an ultrafast, reversible, metastable 
photo-induced electron transfer from a conjugated polymer onto 
buckminsterfullerene in a solid film. [59] Experiment results showed a vast quenching 
of the luminescent decay time of poly((2-methoxy-5-(2’-ethylhexoxy)-p-phenylene) 
vinylene) (MEH-PPV) from 550 picoseconds (ps) to under the instrumental resolution 
of 60 ps, which indicates an extremely swift sub-picosecond electron transfer. [60] 
Similar effects were observed for a number of conjugated polymers in composites 
with fullerenes, showing that this is a general phenomenon for the non-degenerate 
ground state polymers. [42] Additional photo-induced absorption (PIA) studies gave 
solid evidence of the ultrafast formation of polarons on conjugated polymer donors.[42] 
Many recent studies of polymer solar cells have chosen a C60 derivative 1-(3-
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methoxycarbonyl)-propyl-1-1-phenyl-(6,6)C61 (PCBM), since they provide solubility 
and give the possibility to prepare homogeneous stable donor/acceptor blends. [61] 
Carbon nanotubes (CNT) are another good option as they can act as both an 
electron acceptor and a transportation path. [62]  
 
Other options include using two conjugated polymers with a small bandgap between 
the LUMO of one and the HOMO of the other one to form an interpenetrating 
polymer-polymer composite. [63,64] Besides organic component, inorganic oxide 
semiconductor nanoparticles, for example, electron spun TiO2 nanowires, have also 
been suggested as a solution to poor interfaces and low mobility of charge carriers in 
PV cell studies. [65]  
 
A single solar cell consisting of multiple donor/acceptor pairs has been extended to 
different pairs that can harvest different parts of the visible spectrum, making light 
absorption more efficient. Kim et al has fabricated such a cell (Figure 2.9) by all-
solution processing, and an energy conversion efficiency of more than 6% was 
reported. [66]  
Figure 2.9: (a) The tandem polymer solar cell device structure by Kim et al. P3HT: poly(3-
hexyl thiophene), PC70BM: [6,6]-phenyl C71-butyric acid methyl ester, PEDOT: 
poly(ethyl dioxy thiophene), PSS: poly(styrene sulfonate), PCPDTBT: 
Poly(2,1,3-benzothiadiazole-4,7-diyl[4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-
b:3,4-b']dithiophene-2,6-diyl]). (b) Absorption spectra of each D/A pair and a 
bilayer of two in Kim’s device, O.D: Optical Density. Figure reproduced from 
reference [66]. 
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Generally in organic photovoltaics, two key elements are crucial to the performance: 
the electron transfer efficiency and the charge carrier mobility. The two must be 
improved simultaneously to improve the device performance, and this can be done 
by testing different donor/acceptor pairs and optimising the device physics including 
network and interfacial morphology. 
 
2.2.3 Organic Field Effect Transistors 
 
2.2.3.1 Development of FET 
 
Figure 2.10 shows a typical structure of the currently widely used active-matrix 
organic light emitting diodes (AMOLED) display. In the structure, the matrix layer of 
OLED pixels is deposited or integrated onto a thin film transistor (TFT) array. [26] The 
transistor array functions as a series of switches to control the current flowing to 
each individual pixel, and is an essential part of not only OLED-based displays, but 
also LCDs.  
 
Figure 2.10: Structure of AMOLED display. 
 
The idea of transistors can be traced back to the 1920s, when Lilienfeld firstly 
proposed using a solid-state device to replace the bulky vacuum tube triode, which 
was the base of the modern electronics industry since 1906. [67,68] Kahng 
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successfully presented the first field-effect transistor (FET) in 1960, using metal-
oxide semiconductors (MOS). [69] The desire of lowering material and manufacturing 
cost and consideration of environmental impact drew the attention of scientists to 
organic materials, and a polythiophene based FET was first reported in 1987. [70] A 
small molecule based transistor was reported soon after. [71] Different from the 
inorganic MOS-FET, the structure of these organic material based transistors is a 
thin film architecture, which has been successfully demonstrated and 
commercialised by using hydrogenated amorphous silicon (a-Si:H). [72-74] 
 
The performance of OFETs was not good enough to attract industry interest initially. 
Accompanied by the development of organic semiconducting materials and 
improved understanding of device physics, the performance of organic thin film 
transistors (OTFTs) finally can compete or even overtake that of a-Si:H TFT. [75,76] 
After then they have been extensively studied and some application attempted. [77-79] 
Sony demonstrated a full-colour, flexible plastic video display (Figure 2.11) in May 
2007. [80] In this product, both the LED pixels and the TFT layer are made of organic 
materials. This exciting product surely meets the people’s imagination of future 
media devices, and will draw more interest from researchers and industry. 
 
Figure 2.11: Sony present full plastic display in May 2007 press release. [80] 
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2.2.3.2 Structure and Mechanisms of OFETs 
 
All FETs have three essential terminals, a gate, a drain and a source. All of them lie 
on the bulk semiconductor, which is sometimes called the fourth terminal, a body, 
base, bulk or substrate. The gate terminal can be thought of a physical gate between 
the drain and the source terminals, and the size of the gate is the distance between 
the source and the drain. When a voltage is applied to the device, a conducting 
channel is established, and electrons flow from the source terminal towards the drain 
terminal. The gate terminal can permit or block the electron flow by creating or 
eliminating a channel between other two terminals. The body and source are 
sometimes connected together, and may be both connected to the highest or lowest 
voltage within the circuit, depending on type.  
 
 
Figure 2.12: Schematic diagram of a thin-film transistor (TFT) structure. 
 
OFETs generally use a thin film structure, shown in Figure 2.12. Possessing all four 
terminals just mentioned, the positions of each terminal and the structure differ from 
the conventional inorganic metal-insulator-semiconductor field-effect-transistor 
(MISFET). The metal source and drain terminals are directly deposited on the 
conducting channel, which is not a bulk solid semiconductor, but a very thin layer. 
Then a thin film of insulator is deposited between the semiconductor and the metal 
substrate 
drain 
insulator 
gate 
semiconductor 
source 
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gate electrode. The substrate or body is made of non-active materials, and 
occasionally also play the role of the gate electrode. In conventional inorganic FETs, 
the gate terminal normally sits on top of the semiconductor. OTFTs have an inverted 
structure, where the gate is at the bottom of the device, and the semiconductor is on 
the top. This structure also means there is no depletion region that separates the 
device from substrate.   
 
Another difference compared to MISFETs is there are no p-n junctions at the source 
and drain terminals. Instead it is supposed that the metal electrodes can easily inject 
charge into the semiconductor. The type of TFT depends on the p-n type of the 
semiconductor selected in the device.  
 
Although TFTs possess quite a different structure compared to MISFETs, the 
operating mode is qualitatively similar. At zero bias, the electrons are being pushed 
away from the electrode interface due to the Fermi-level energy difference of the 
semiconductor and the metal. Therefore there will be no carrier injection, and no 
carrier movement between the source and drain terminals. When a gate voltage is 
applied to the device, the electrons will accumulate at the insulator-semiconductor 
interface. This will lower the Fermi-level energy of the conduction band in 
semiconductor, leading to the formation of a conducting channel. By adjusting the 
bias applied on the gate, the conductivity of the channel can be controlled. The 
output characteristics of OTFTs also have a similar behaviour to MISFETs. The 
device current increases linearly with increasing voltage applied, and reaches a 
saturation regime after a certain level of voltage is applied.  
 
2.2.3.3 Future Development of OFETs 
 
The development of OFETs has undergone a big improvement in the past twenty 
years, and is now at a pivotal point. [81,82] The improving understanding of OFETs 
also uncovered many issues like threshold voltage and metal contact resistance that 
26 
 
need to be addressed. The role of different interfaces, including insulator-
semiconductor and metal-semiconductor, together with the charge transport 
mechanism in the device, also remains unclear. Using the same kind of conjugated 
materials, it also faces the same issues encountered in applications of OLEDs and 
Organic Solar Cells, such as environmental stability and short lifetime. However the 
success of the Sony application brought confidence to researchers, and lit the 
promising future of organic PV devices. 
 
 
2.3 Conjugated Polymers 
 
Since Heeger et al. found conductive polyacetylene, intensive investigations aimed 
at finding applications for intrinsic semiconducting polymers have been made. It is 
found that the most popular conducting polymer, polyacetylene is not stable enough 
for technical applications due to its linear structure. [83] For successful industrial 
application, the material needs to maintain conductivities unaffected at 120°C for 
over 1000 hours in a standard atmosphere. [84] Polyanilines, Polypyrrole, 
polythiophene(PT), poly(p-phenylene vinylene)(PPV)  and their derivatives showed 
stable conductivities over years at room temperature and even higher temperature.[85] 
The polyaniline family can form processable conductive forms at relatively low cost 
and in bulk amounts, but is not environmentally friendly due to the benzidine 
moieties in the polymer backbone, which might yield toxic products upon 
degradation.[86] So the research on the polyaniline family has been limited. The other 
three are considered more environmentally friendly, but have the disadvantage of 
being insoluble and infusible. Numerous substituted derivatives of these polymers 
have been developed to overcome these problems, by controlling main-chain 
architecture and pendant group chemistry to achieve a broad variety of properties. [85] 
Although the processability and solubility improved, the electronic properties were 
degraded compare to the parent polymer. 
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2.3.1 Polythiophene 
 
The research on polymer solar cells using PPV covered almost every aspect of the 
subject, and achieved good progress. Recently, vast interest has been drawn to 
polythiophenes (PT), especially poly(3-alkylthiophene). (Table 1) Unlike previously 
mentioned polyacetylene, PPP and PPV, PT is heteroatomic. There is a sulphur 
atom on the backbone, which analogous to that of cis-polyacetylene, forming a 
heterocyclic structure. The sulphur, having an electron pair in pz-orbital, also 
contributes to the conjugation structure. (Figure 2.13)  
Figure 2.13: Structure of (a) cis-polyacetylene and (b) polythiophene. 
Although PT can be synthesised through chemical routes, it is primarily prepared by 
electrochemical polymerisation, since it can produce PTs with longer conjugated 
length and higher conductivity. [87] It has already become commercially available 
from Aldrich. The electrical properties of PT are affected by the synthesis route 
through changes in the stereoregularity of the polymer chains. Due to the higher 
electron density brought by the sulphur atom, PT is easier to positively dope rather 
than accepting electrons, making it a very suitable donor in polymer solar cells. PTs 
were also reported to among the top conductivity group in conjugated polymers. [87]  
                                                                                                                                                                                                                                                 
The rigid ring structure provides increased environmental stability to PT compared 
with linear polyacetylene, but also makes it insoluble, therefore a side chain was 
incorporated to bring solubility, hence improved processability. Lots of research has 
been carried out to improve the performance, such as solubility and 
photoluminescent behaviour, by modifying the side chain tailoring or synthesising 
copolymer with other conjugated polymers. [88-90] Roncali and co-workers [91] studied 
the effect of alkyl side chains on the synthesis and properties of 3-linear alkyl 
(a) (b) 
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substitute PTs. Their experiment showed that the PTs with 3-subititute alkyl chains 
containing 7-9 carbon atoms have the optimum electrical properties, as the polymers 
in that range posses minimal anodic and cathodic current ratio, optimum 
electrochemical reversibility with electric conductivity maintained at a high level. This 
is due to the steric effect of the alkyl linear side chain, since up to a certain length it 
can help make the polymer chain structure more regular, hence enhancing the mean 
conjugation length, but longer chains (more than 10 carbon atoms) may disrupt the 
regular structure and decrease the conductivity with increased insulator proportion.  
For these reasons, poly(3-hexylthiophene) (P3HT) and poly(3-octylthiophene) (P3OT) 
are commonly used for semiconductive device purposes. 
 
The donor/acceptor heterojunction structure based on regioregular P3HT and 
fullerenes, such as C60, PCBM and CNT, have been extensively studied, showing 
large enhancements in photovoltaic performances. They provide higher excitons 
dissociation volume and increased charge carrier mobility, resulting in increased 
open-circuit voltage, short-circuit current and power conversion efficiency. Studies 
showed that CNT and PCBM generally have a better effect than C60. [92] 
 
The incorporation of CNT in solid materials is always a difficult since it is hard to 
obtain a homogeneous blend. Solutions to achieve molecular mixing including 
functionalised polymer and/or CNT, or use ultra-sonication (Figure 2.14) upon mixing 
two solutions. [62,92] 
 
Thermal annealing was reported as having a dramatic effect on the interfacial 
electronic structures and photoexcitation kinetics of regioregular P3HT films, by 
removing residual impurities, modifying molecular conformations, changing the work 
function and charge injection barriers at interfaces, and the effects were indicated to 
be more significant than annealing MEH-PPV. [93] Studies on P3HT/acceptor blend 
films also showed improved PV performance and environmental stability upon 
thermal annealing at temperatures above 100ºC. [94,95] 
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One of the purposes of using polymer in PV devices instead of silicon is to reduce 
cost, but the price of conjugated polymers and fullerenes especially CNTs, are still 
very high at the moment. Also common processing route of PV devices, such as spin 
coating, can be quite wasteful. An idea of lowering the fabrication cost of polymer 
solar cells is to incorporate cheap, commonly available polymer, like polyethylene. A 
recent study on P3HT blending with PE or PS showed improved environmental 
stability compared to neat P3HT. [94] Another study on the electrical properties of low 
density polyethylene (LDPE) and multiwall carbon nanotubes (MWNT) as function of 
MWNT content showed a CNT network forming when the MWNT content was above 
2%, indicating homogeneous mixing. [96] Then it may be possible to mix P3HT/CNT 
with PE while maintain the electrical properties while decreasing cost. The 
introduction of PE in blend systems also can improve the processability of PV 
devices, since the processing of PE has been well studied in the past decades, and 
that also can make fabrication of large area sheet PV devices much easier.  
 
 
Figure 2.14: MWNT wrapping on P3HT. [62] 
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2.3.2 PEDOT:PSS Blends 
 
A widely used intrinsic transparent conducting polymer is poly(3,4-
ethylenedioxythiophene) (PEDOT), which is usually chemically doped to the 
conducting regime (conductivity δ ~ 30S/cm) with poly(4-styrenesulfonate) (PSS) 
acid. The PEDOT:PSS blend is now commercially available under the trade name 
CLEVIOS, previously BAYTRON P from H.C. Starck GmbH, Germany. The chemical 
structure of CLEVIOS is shown in Figure 2.15. 
 
 
It was initially investigated by Jonas et al., [75], who found PEDOT has better 
antistatic properties and stability under unfavourable environments than polypyrrole 
in application as packaging materials. Despite the very high conductivity (~300 S/cm), 
it also showed a very high stability in the oxidised state and was found to be almost 
transparent as a thin, oxidised film. [84,98,99] The use of PEDOT in thin film devices 
can improve their flexibility and transparency.  
 
It was found to be an insoluble polymer when prepared using standard oxidative 
chemical or electrochemical polymerisation methods, and so difficult to apply in 
Figure 2.15: Chemical structure of PSS doped PEDOT.[97] 
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industrial applications. [85] The solubility issue was solved by chemically polymerising 
the EDOT in a water-soluble polyelectrolyte, PSS, to give a PEDOT:PSS water 
emulsion. [100,101] This generated a water-soluble polyelectrolyte system with good 
film-forming properties, high conductivity, high visible light transmissivity, and 
excellent stability upon drying. Together with the development of patterning 
techniques, the film of PEDOT:PSS now can be patterned by spin casting [38], bar-
coating [77], ink-jetting[102], lift-off [103] and laser ablation [104] onto substrate or other 
semiconducting polymer layers. A film of PEDOT:PSS can be heated in air at 100°C 
for over 1000 hours with only a minimal change in conductivity. [85]  
 
In the past two decades since the investigation of Jonas et al., researchers have 
done lots of work on the properties and utilities of PEDOT:PSS. The performance 
improvement of PEDOT:PSS has made it not only restricted to antistatic packaging 
applications, but also successfully used in the design of PV devices like OLEDs and 
OFETs. [76-82] The feasible roles of PEDOT:PSS in PV devices include charge 
injection, transportation and transparent electrode. 
 
In PEDOT:PSS blends, the conjugated polymer PEDOT is positively doped, and the 
sulfonate anionic groups of PSS are the counterions used to balance the doping 
charges. PEDOT:PSS conductivity can undergo an increase of 2-3 orders of 
magnitude by a secondary doping with inert solvents such as sorbitol, N-
methylpyrrolidone, (poly)-ethylene glycol, dimethyl sulfoxide (DMSO), N,N-
dimethylformamide, and tetrahydrofuran. [105] This, compared to the conductivity of 
traditionally used optimised indium tin oxide (ITO) (~104 S/cm), made PEDOT:PSS 
sufficient enough to be used as an electrode in organic electronics. Kim et al. 
attributed the increase in conductivity of PEDOT:PSS with DMSO to a reduction of 
the Coulombic interaction between the charge carriers transported on the PEDOT 
chains and the negative PSS counterions by a screening effect of the polar 
solvents.[106] Through Raman spectroscopy, Ouyong et al. proposed the conductivity 
increase of PEDOT:PSS with some of the secondary dopants is due to the 
conformational change of the PEDOT chains, where the driving force is the 
interaction between dipoles of the secondary solvent and dipoles or charges on 
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PEDOT chains. [107] Crispin, et al. studied the conductivity increase in PEDOT:PSS 
with diethylene glycol (DEG), and propsed the reason to be PEDOT-rich particles 
formed from phase separation connected into a three-dimensional conducting 
network. [105] All this work supports PEDOT:PSS as a promising candidate to replace 
ITO as transparent electrodes in thin film PV devices.  
 
To contribute to the processing design, Lang et al. had a series of studies focused 
on the mechanical properties of PEDOT:PSS. [108-110] They studied the mechanical 
behaviour and stabilities of PEDOT:PSS films under controlled climate environments, 
and found the properties are influenced by ambient light and strongly related to 
humidity. It can be easily understood since PEDOT:PSS is known to be hygroscopic. 
[111] Increased humidity environments will cause device swelling, weakening the 
hydrogen bonding between PSS groups, making the fracture less brittle. 
 
 
2.4 Polymer Thin Films and Interfaces 
 
Electronic properties and the PV process of the discussed PV devices are well 
understood as described in above sections, but the physical structures of the multi-
layer PV devices are less well understood. The described thin film structures above 
shows that popular PV devices consist of many different layers, either homogeneous 
or heterogeneous, playing different roles in the structure. Thus there are lots of 
interfaces in the structure, such as polymer –polymer, polymer-metal, and donor-
acceptor. The process of charge recombination and charge separation occurs at 
these internal interfaces, making studies on the link of photophysics and interfacial 
morphology crucial. This section begins with a brief introduction to the polymer 
physics, then discusses the changes in a confined system, or a thin film, and finally 
presents the knowledge of polymer-polymer interfaces. 
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2.4.1 An Introduction to Polymer Physics 
 
The molecules of polymers are very long chains consisting of a number of repeating 
unit linked to each other through covalent σ bonds. A polymer molecule can take 
many different shapes, or conformations, primarily due to its degree of freedom for 
rotation about the σ bonds. [112] Different conformations possess different energy 
levels due to the variation of intra-molecular interactions. The conformation with the 
most stable state is not unique for most polymers, and chains exhibit a random 
distribution of the stable conformations, so called Gaussian chain[112], shown in 
Figure 2.16(a). The dimension of the random chain is characterised by the average 
end-to-end distance, or radius of gyration Rg, which is derived as a function of molar 
mass, chain flexibility and temperature. [112] 
 
Due to the random chain conformation, it is generally not possible for polymers to 
form a fully ordered crystalline structure as the materials with small molecule. In 
amorphous region of polymers, chains are randomly coiled and entangled together, 
and the chain mobility restricted at temperatures below the glass transition 
temperature, Tg. While at temperatures above Tg, the un-freezing of the segment 
motion grants the chains the ability to move through bonds rotation, thus showing 
viscous behaviours.  
 
2.4.2 Polymer Thin Films 
 
It is well known that the properties of materials in bulk and close to interfaces are 
different for many materials. [113] This is because of the changes of molecular 
interactions in the interfacial regions comparing to the bulk. In macroscopic sample, 
the fraction of molecules that have properties characteristic of the interface rather 
than the bulk is very small, because the interfacial region is set by atomic or 
molecular length scales. However, in confined system, such as a thin film with a 
thickness in submicron or nanometre scale, the proportion of the surface region, or 
34 
 
the interfacial regions with air or substrate, becomes non-negligible. The surface-to-
volume ratio is even higher in polymer thin films, since the molecular length scale of 
polymer molecules is many times longer than the few ångströms (Å, 10-10 m) of small 
molar mass molecules. During the recent decade, application of polymer thin films 
has been extended, and they are especially promising in the semiconductor industry 
with products having smaller and smaller dimension are being made. This fast 
development drives more and more interest on the research of the fundamentals and 
properties of polymer thin film.  
 
The structure of polymer changes at the surface, or air/vacuum interface, due to the 
surface tension interaction. However, these changes are still not well understood. 
Reiter reported an enrichment of chain ends occurs at the surface due to entropic 
effects. [114] Jones, et al. found that the chains retained their unperturbed Gaussian 
conformation in the direction parallel to the surface, and the chain size equals the 
bulk value. [115]  
 
Figure 2.16: A schematic of conformations of amorphous polymers in different systems. 
 
In polymer dynamics aspect, a method of investigating the effect of confinement is to 
study the glass transition of confined glass forming systems. [116] Reiter observed the 
increase of chain mobility in polystyrene films with a thickness smaller than the 
radius of gyration of the polymer. [117] Studies from Keddie, et al. assessed the 
thickness dependence of the Tg of thin films of poly(methyl methacrylate) and 
polystyrene on gold substrate, and reported an decrease in Tg with decreasing film 
(a) Bulk Polymer (b) Polymer surface (c) Polymer-polymer interface 
Air / Vacuum Polymer A 
Polymer B 
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thickness. [118]  For free-standing films, studies showed a more complex dependence 
of the thickness to Tg values. [116] 
 
2.4.3 Polymer-polymer Interfaces 
 
Under a wide variety of circumstances, polymers are usually immiscible to each 
other, and they will not mix at a molecular level at equilibrium. [113] If a pair of 
immiscible polymers is mechanically mixed together, they will separate and form 
coarse domains of one polymer in the other, and the properties are generally worse 
than any of the pure ingredients. However, the interface between the two immiscible 
components is not molecularly sharp, as shown in Figure 2.16(c).The morphology of 
the mixture is greatly influenced by the interfacial energy, which controls the domain 
size, and the microscopic structure of the interfaces will determine the degree of 
adhesion between the phases. [113] Thus the control of the interface is the overriding 
factor to the properties of the mixture. 
 
Interfacial morphology has been proven to have strong impacts on semiconducting 
device performance. Phase separation length scales could be varied from tens of 
nanometres to tens of microns by changing processing conditions like solvent type, 
temperature and atmosphere, which significantly affect the PV efficiency 
performance of the binary polymer blend device. [119] Increasing roughness of the 
interface from 1nm to 5nm can improve the resonant energy transfer of excitons at 
the interface in a polyfluorene-based PV device. [120] Sreearunothai et al. 
demonstrated that relative molecular orientation at the interface strongly influenced 
formation of charge transfer states at conjugated polymer heterojunctions. [121] A 
study showed that with the same polymer blend composition, a bilayer LED device 
exhibits better PV performance than a laterally phase separated device. [122] A study 
from Higgins et al. demonstrated the ability to independently control the interfacial 
width from ~1nm to 30nm in a bilayer polyfluorene device, and raised the possibility 
of making LEDs with identical charge transport properties from the electrodes to the 
interface, and with different width of the polymer-polymer interface. [123]  
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To improve the performance of semiconducting devices, it is essential to gain more 
understanding of the device physics. Studying the basic polymer behaviour, such as 
polymer chain migration and phase separation within the surface or interface areas, 
in such devices will gain us more knowledge on the interactions between polymer 
chains and layers, thus making contribution to this area of research. 
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This chapter first introduces the materials involved in this project, and then the 
methodology of the project is presented. The sample processing is described, 
followed by an introduction to the procedures of the various characterisation 
techniques used. Finally, the principles, instrumentations and data analysis software 
packages for ellipsometry and neutron reflectivity are briefly introduced. 
 
3.1 Materials 
 
3.1.1 Polymers 
 
Polystyrene (PS), poly(methyl methacrylate) (PMMA) and poly(styrene sulfonate 
sodium salt) (PSS) were purchased from Sigma-Aldrich. The structures of the 
polymers are presented in Figure 3.1. The weight average molecular weight (Mw) of 
PS is 192,000 g/mol, Mw of PMMA is 120,000 g/mol and Mw of PSS is 70,000 g/mol. 
The Mw/Mn ratios of the three are around 1.1. PS and PMMA are in solid granule 
form, while PSS is in powder form. All polymers were used as received.  
 
Deuterated PS, PMMA and PSS were purchased from Polymer Source. All hydrogen 
atoms on carbon were substituted by deuterium. Deuterated polymers have much 
larger scattering length density in neutron reflection than hydrogenated polymers, 
therefore provide good contrast between layers. The Mw of the d-PS is 190,000 
g/mol with Mw/Mn ratio of 1.15. Mw of the d-PMMA is 150,000 g/mol with Mw/Mn ratio 
of 1.2. Mw of the d-PSS is 7,400 g/mol and Mw/Mn is ratio of 1.05. The grade of d-
PSS was mistakenly ordered to have a significantly lower Mw compare to 
hydrogenised PSS, and was used as received.  
Chapter 3. Experimental  
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Figure 3.1: Structure of (a) PS, (b) PMMA, (c) PSS sodium salt, (d) positively charged 
PEDOT, (e) TFB, (f) PE and (g) P3HT. 
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CLEVIOS® is a thin film product of poly(styrene sulfonate)(PSS)-doped 
poly(ethylene dioxy thiophene)(PEDOT) blend commercially available from Heraeus, 
Hanau, Germany, previously from H.C.Stark, Germany. TFB is an abbreviation for 
poly(2,7-(9,9)-di-n-octylfluorene)-alt-(1,4-phenylene-((4-sec-butylphenyl)imino)-1,4-
phenylene)) . Bilayers consist of CLEVIOS and TFB are provided by Cambridge 
Display Technology (CDT). 
 
3.1.2 Solutions 
 
Toluene, purchased from Sigma-Aldrich, was used to dissolve non-polar PS and 
PMMA, and solutions of 1%wt polymer were prepared. De-ionised water was used to 
dissolve polar PSS salt, and prepared solution with 1% wt. solute. 
 
3.2 Methodology Design 
 
The methodology of the project is summarised in Figure 3.2. Bilayer samples of 
different combinations of polymers were made, and then half of them were annealed 
at a temperature between the glass transition temperature and the melting 
temperature of all components, which was chosen to be 150°C. Then both annealed 
and unannealed samples were rinsed using the solvent capable of dissolving pure 
top layer polymers, like toluene or para-xylene. Characterisations such as Fourier 
Transformation InfraRed Spectroscopy (FTIR), Ellipsometry, Atomic Force 
Microscopy and Neutron Reflectivity were carried out on samples at different stages 
to track the morphology and interface changes caused by thermal and solvent 
treatments. 
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Figure 3.2: Schematic diagram of project methodology. 
 
3.3 Sample Preparation and Processing 
 
3.3.1 Sample Casting 
 
Bilayers of PSS and PS and of PSS and PMMA were spin cast from 1% PSS-
deionised water solution and 1% PS-toluene or PMMA-toluene solution on either 
glass slides or silicon substrates. The spin speed was set to 2000 rpm for 
appropriate sample thickness. The PSS layer was always at the bottom of the other 
polymer layer. 
 
Spin casting produces thin film samples with thicknesses smaller than the 
penetration range of an infrared beam. In order to remove the interference of the 
substrates in infrared spectroscopy, bilayers of PS/PSS and PMMA/PSS were cast 
on glass slides by solvent evaporation, to produce thicker devices for FTIR study. 
 
The silicon wafers and polished silicon blocks were cleaned following the Radio 
Corporation of America (RCA) clean procedure to remove organic contamination, 
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thin oxide layer and ionic contaminations before film casting. [124] The cleaning was 
carried out in a mixture of 35 wt% ammonium hydroxide (NH3·H2O) water solution, 
30 wt% hydrogen peroxide (H2O2) water solution and de-ionised water at a weight 
ratio of 1:1:5. Firstly NH3·H2O solution was added into de-ionised water in a beaker, 
and then heated to 75°C on a hot plate. After reaching the set temperature, the 
beaker was removed from the hot plate, and H2O2 solution was added in. When the 
solution started bubbling vigorously, the silicon substrates were soaked in the 
solution for 10 minutes and then dried using compressed dry nitrogen gas after 
removal from the solution. 
 
Bilayer devices of CLEVIOS® and TFB and of PSS and TFB were prepared by the 
Cambridge Display Technology (CDT) lab. [125] The polymers were spin cast on 
polished silicon substrates, with the TFB is spin-coated directly on top of the other 
layer. Four samples were made with different layers deuterated. The polymers were 
synthesised specifically for this work at the CDT labs. The thickness of the samples 
was measured using ellipsometry, summarised in Table 3.1. 
 
Sample Ellipsometric Thickness (nm) 
hTFB/dCLEVIOS® 33.9+77.2 
dTFB/hCLEVIOS® 35.1+72.8 
hTFB/dPSS 33.9+76.3 
dTFB/hPSS 35.1+83.5 
Table 3.1: Ellipsometry results of prepared neutron analysis samples. 
 
The P3HT/HDPE blend thin film devices were made by Goffri and co-workers using 
solution casting. [94] The prepared homogenous xylene solution contains a total of 
0.1wt% of polymer (total of P3HT and HDPE). The film was cast on silicon substrate 
at room temperature and followed by the evaporation of solvent at ambient 
conditions. A series of samples was made, including a 100 wt% PE sample and 100 
wt% P3HT sample as references. The other four samples have different component 
weight ratios. The composition of all six samples are summarised in Table 3.2 below. 
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The PE component in all six samples was deuterated, in order to increase contrast in 
neutron experiments. The Mw of P3HT is around 60,000 g/mol, and Mw of deuterated 
PE is around 135,000 g/mol with approximate Mw/Mn ratio of 1.06.  
Table 3.2: Component composition of P3HT/PE blend thin film samples. 
 
3.3.2 Thermal Treatment 
 
A TA instrument Q2000 modulated differential scanning calorimetry (MDSC) fitted 
with nitrogen cooling was used to measure glass transition temperature (Tg) of PSS. 
Each sample aluminium pan (~53mg) contains around 10mg of PSS powder, and the 
experiment cycle was from 0°C to 200°C then cool down to 0°C at a rate of 10°C/min. 
Since as-received PSS powder is in a hydrated state, and the water molecules may 
interfere the result, the cycle was repeated up to 6 times for each sample trying to 
reveal the actual thermal behaviour of PSS. The bulk Tg of PMMA and PS is around 
109°C and 100°C, respectively. [126] In thin film state, a decrease in Tg for both PMMA 
and PS was reported. [118] 
 
Half of the samples were thermally treated after initial characterisation. The 
annealing temperature was chosen above the glass transition temperatures of all 
polymer components in the samples. The thermal treatment was carried out in a 
sealed tube furnace in a nitrogen atmosphere. The temperature at centre of the tube 
furnace was measured and calibrated using a thermometer fitted with a thermal 
couple. (Figure 3.2) First, two samples were mounted in an alumina boat placed in 
the centre of the furnace, and then vacuum pump was used to evacuate the air in the 
furnace.  After achieving a degree of vacuum, nitrogen was allowed into the furnace 
Sample 
Name 
Pure 
P3HT 
75:25 
P3HT/dPE 
50:50 
P3HT/dPE 
35:65 
P3HT/dPE 
10:90 
P3HT/dPE 
Pure 
dPE 
P3HT 
wt% 
100 75 50 35 10 0 
dPE  
wt% 
0 25 50 65 90 100 
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to create an inert atmosphere. After that the tube furnace was sealed at both ends, 
and heated to 150°C at a rate of 20°C/min. When an equilibrium status at 150°C was 
achieved, the temperature was held for 30 minutes. After that the tube furnace was 
opened, and the samples were removed and quenched on a piece of ambient 
temperature metal plate.  
 
Figure 3.3: Schematic of the furnace system. 
 
3.3.3 Solvent Rinse 
 
For spin cast samples, the solvent rinse was also carried out on spin coater. A drop 
of toluene was placed on samples on the spin coater, and then the spin coater was 
turned on at the same 2000 rpm speed to spin away toluene, together with washed 
away polymers. 
 
For dPSS related samples used in neutron reflectivity measurement, since a spin 
coater was not available on site, the solvent rinse was carried out by letting toluene 
slowly flow over the sample surface. 
 
For solvent evaporation cast samples, since the thickness is much bigger than spin 
cast films, the solvent rinse was carried out by letting toluene slowly flow over the 
sample surface. 
 
Vacuum 
pump 
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3.4 Characterisation 
 
3.4.1 Optical Microscopy 
 
A ReichertJung MEF-3 reflective optical microscope was used to observe the 
surface morphology of P3HT/dPE samples before and after thermal treatment. A 
polarised light source was used in observation. Pictures were taken at ×100, ×200, 
×500 and ×1000 magnifications. The differential interference contrast slide fitted on 
the microscope was used to reveal the height difference of different parts on sample 
surface. 
 
3.4.2 Fourier Transmission Infrared Spectroscopy (FTIR) 
 
A Shimadzu FTIR-8000 machine fitted with an Attenuated Total Reflectance (ATR) 
accessory was used to collect infrared spectra. Before each sample scan, a 
background scan is performed to remove environmental interference. For each 
recorded spectrum, 64 scans between 500 cm-1 and 4000 cm-1 with a resolution of 
4cm-1 were performed. FTIR spectra of pure component reference samples were 
also taken. Featured IR peaks were labelled by machine provided software after 
spectrum collection. 
 
3.4.3 Atomic Force Microscopy (AFM) 
 
A Veeco Instruments Multimode AFM was used to obtain surface topography of the 
samples. The AFM worked in tapping mode. [127] An oscillating sharp cantilever, with 
a typical radius dimension of the tip on the order of nanometres, is skimming over a 
small area (4𝜇𝑚 × 4𝜇𝑚) of the sample surface. The cantilever is driven to oscillate 
up and down near its resonance frequency by a small piezoelectric element mounted 
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in the AFM tip holder. As the distance between the tip and sample vary due to 
changes in the sample topography, the vibration of the tip is affected. This is the 
mechanism to measure the surface height and map out the sample surface. The 
results obtained also show root mean squared (RMS) surface roughness of the 
selected area of the sample surfaces. 
 
3.5 Ellipsometry 
 
3.5.1 Introduction 
 
Ellipsometry is a sensitive optical technique to investigate the dielectric properties 
of thin film samples. It measures the change of polarisation of a light beam upon light 
reflection or transmission. It is typically used in the reflection setup, and is specular. 
(Figure 3.4) The name "ellipsometry" comes from the fact that the general state of 
polarised light is often 'elliptic' upon light reflection. [128] 
 
Figure 3.4: Schematic of ellipsometry concept. 
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As an optical technique, ellipsometry is non-destructive and contactless, and it is 
powerful in thin film metrology. Through analysis of the change of polarisation of 
reflected light, ellipsometry can provide information about layers that are thinner than 
the wavelength of the probing light itself, even down to a single atomic layer. It can 
probe the complex refractive index, which gives access to fundamental physical 
parameters and is related to a variety of sample properties, including morphology, 
crystal quality, chemical composition, or electrical conductivity. Now it is commonly 
used to characterise single layers or complex multilayer stacks with film thickness 
ranging from a few ångströms (Å, 10-10 m) to several microns (10-6 m) with excellent 
accuracy.  
 
Ellipsometry has a number of advantages compared to standard reflection intensity 
measurements. It is fast and easily controlled since no reference measurement is 
needed, and it measures multiple parameters at each wavelength of the spectrum. 
Ellipsometry measures an intensity ratio instead of pure intensities. Therefore, it is 
less affected by intensity instabilities of the light source or atmospheric absorption. 
Ellipsometry is especially superior to reflectivity measurements when studying 
anisotropic samples. [129] Application of ellipsometry today is growing into other 
disciplines such as biology and medicine where the technique has been used for 
measurements on unstable liquid surfaces [130] and microscopic imaging [131]. 
However, the most well used area is for measuring optical constants or film 
thickness of thin film devices, especially in semiconducting devices, since these two 
properties directly determine the change of polarisation. 
 
3.5.2 Principles 
 
The polarised light reflected from an interface consists of two components, an s- and 
a p- component, of. The s-component is oscillating perpendicular to the plane of 
incidence and parallel to the sample surface, and the p-component is oscillating 
parallel to the plane of incidence.  
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Figure 3.5: Reflections and transmissions in an air/film/substrate system.  
N0, N1 and N2 correspond to the refractive index of the medium. 
 
The Fresnel reflection coefficients [132] rs and rp is the ratio of the amplitude of the 
reflected wave to the amplitude of the incident wave for a single interface, which are 
given by  
𝑟𝑝 = 𝑁1𝑐𝑜𝑠𝛷0 − 𝑁0𝑐𝑜𝑠𝛷1𝑁1𝑐𝑜𝑠𝛷0 + 𝑁0𝑐𝑜𝑠𝛷1                                                                                                          (EQ 3.1) 
𝑟𝑠 = 𝑁0𝑐𝑜𝑠𝛷0 − 𝑁1𝑐𝑜𝑠𝛷1𝑁0𝑐𝑜𝑠𝛷0 + 𝑁1𝑐𝑜𝑠𝛷1                                                                                                          (EQ 3.2) 
In an air/film/substrate system (Figure 3.5), the resultant reflected wave returning to 
air is made up of the light reflected directly from the first interface plus all of the 
transmissions from the light approaching the first interface from medium 2. The ratio 
of the amplitude of the resultant reflected wave to the amplitude of the incident wave 
is called the total reflection coefficients [133] Rp and Rs, which are given by 
𝑅𝑝 = 𝑟𝑝,01 + 𝑟𝑝,12exp (−𝑗 2𝛽)1 + 𝑟𝑝,01𝑟𝑝,12exp (−𝑗 2𝛽)                                                                                               (EQ 3.3) 
𝑅𝑠 = 𝑟𝑠,01 + 𝑟𝑠,12exp (−𝑗 2𝛽)1 + 𝑟𝑠,01𝑟𝑠,12exp (−𝑗 2𝛽)                                                                                                (EQ 3.4) 
d N1 
N2 
N0 
Substrate 
Thin film 
Air 
Φ0 
Φ1 
Φ2 
Ep 
Es 
wavelength λ 
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where the subscript of the Fresnel reflection coefficient represents the interface, eg, 
‘01’ represents the interface between air and film. β is the film phase thickness and is 
given by 
𝛽 = 2𝜋 �𝑑
𝜆
� 𝑁1𝑐𝑜𝑠𝛷1                                                                                                                  (EQ 3.5) 
Ellipsometry measure the complex reflectance ratio, ρ, of the system, which is the 
ratio of Rp over Rs, given by 
𝜌 = 𝑅𝑝
𝑅𝑠
= tan(ᴪ)𝑒𝑖∆                                                                                                                    (EQ 3.6) 
where tan(Ψ) is the amplitude ratio upon reflection, and the phase difference Δ is the 
shift between the s- and the p- component. From EQ 3.1 to EQ 3.6, it can be seen 
that for a given substrate, the measured Ψ and Δ are functions of the refractive index 
(N1) and the thickness (d) of the film. 
 
Ellipsometry is an indirect technique. The simplest form of ellipsometry is based on 
the assumption that the sample is composed of a small number of discrete, well-
defined layers that are optically homogeneous and isotropic. It assumes the sample 
is flat, transparent, stable during test, and has consistent refractive index across the 
sample thickness. Violation of these assumptions will invalidate the standard 
ellipsometric modelling procedure, and requires more advanced variants of the 
technique. [128] Generally the measured values (Ψ , Δ) cannot be directly converted 
into optical constants of the sample, and a model analysis is usually required.  
 
Under a condition of fixed incident angle and wavelength, Ψ and Δ can be calculated 
given the refractive index and the thickness of a film. An example is shown in Figure 
3.6. In this case, for the layer with thickness larger than 2800 Å, the trajectory simply 
retraces the same path. This shows that the Ψ and Δ are periodically dependant on 
the thickness. In order to get a unique solution, either another techniques need to be 
used to determine the appropriate period of the trajectory, or the ellipsometry have to 
run with multiple angles/wavelengths. For different refractive index, the trajectory 
curve will be different with different periods. 
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Figure 3.6: The Δ and Ψ trajectory for silicon dioxide on silicon with incident angle of 70° 
and wavelength 6328 Å. Reproduced from reference [134]. 
 
3.5.3 Experimental Data Analysis 
 
Ellipsometry measurements were taken by using a J.A. Woolam Co. MV-2000 
Ellipsometer. J.A.Woollam Co. CompleteEASE version 3.60 was used to analyse 
obtained data. Measurements were taken at multiple wavelengths. The fitting 
requires the optical refractive index of the polymers in the samples. The refractive 
index of PS is 1.592, of PMMA is 1.491, and of PSS is 1.523 at 587.6nm. [135] The 
modelling assumes all layer to be flat, therefore no interphase roughness is 
considered during fitting. Upon inputting the layer sequence and corresponding 
refractive indices, the software starts automatically creating models of single or bi-
layer structures with different combinations of layer thickness, and generating Ψ and 
Δ of the optical light reflection in the model. By comparing the experimental result 
and modelled result of Ψ and Δ, the fitting software will adjust parameters in a 
designed range to achieve minimised χ2 error value (typically <1), then the modelled 
parameters will be presented as the most close match with the sample.  
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3.6 Neutron Reflectivity 
 
3.6.1 Introduction 
 
The thickness of polymer photovoltaic devices is generally in sub-micron scale, and 
interface regions between spin-coated layers are typical nanoscale. [136] Some 
research with the use of X-Ray reflectivity demonstrated that it is capable of 
measuring the device thickness and electrode roughness, but since X-Rays are only 
sensitive to electron densities, it has limited use in studying polymer-polymer 
interfaces. Neutron reflectivity provides the composition variation normal to the 
surface of the polymer film, with a resolution down to the nanoscale. The contrast in 
NR is provided by the neutron scattering cross section, which appears to be not only 
of random magnitude, but also of sign and varies even between isotopes of a 
specific element. Deuteration is an ideal labelling technique to produce a good 
contrast in NR due to the vastly different neutron cross sections in hydrogen and 
deuterium. [137] Combining both reflectivity techniques can be quite useful for 
studying modulated multilayer structures and interfacial roughness. [138] Other 
advantages of NR include non-destructive to sample, free worry of sample 
absorption and no requirement of vacuum containment. [139] 
 
Although neutron reflectivity measurements is carried out at very large facilities, and 
requires long data analysis times after the experiment, it still attracts increasing 
interest because of the many advantages. The interfacial width in polymer thin film 
devices can be measured using specular neutron reflectivity. [123] It was used to 
reveal a chain migration and segregation of light-emitting polymers over the lifetime. 
[136] Another work showed diffusion between a semiconducting polymer and an 
insulating polymer.[140] Some other work also showed polyelectrolyte interdiffusion at 
the solid/liquid interface in multi-layered films, and the effect of ionic strength, using 
neutron reflectivity.[141-143] 
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3.6.2 Principles  
 
Neutrons possess the wave behaviour, and with only a few minor modifications, the 
neutron wave are able to reflect, refract and interfere following all the standard 
optical rules. [144] For most materials including polymer, with the adsorption cross-
section is effectively zero, the neutron refractive index is given as 
𝑛 = 1 − 𝜆2𝑁𝑑𝑏2𝜋                                                                                                                              (EQ 3.7) 
where Nd is the atomic number density, b is the coherent scattering length, the 
product Ndb = ρz is the scattering length density(SLD). Therefore Neutron reflectivity 
is based on the SLD only, and the n of vacuum equals 1. 
 
Figure 3.7: (a) Schematic diagram of reflection and refraction of an incident beam with n2 < 
n1, (b) Total reflection at the critical angle (θi= θc). 
 
Figure 3.7 shows the neutron reflection and refraction at an infinitely sharp interface 
between two infinitely thick media. According to Snell's law [144]:  
𝑛1 𝑐𝑜𝑠 𝜃𝑖  =  𝑛2 𝑐𝑜𝑠 𝜃𝑟                                                                                                               (EQ 3.8) 
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For polymers, the neutron refractive index is smaller than vacuum, or air, therefore 
the neutron beam incident on the polymer film surface will have a refractive angle, θr, 
smaller than incident angle, θi, as shown in Figure 3.7. As the θi decrease to a critical 
angel θc, θr becomes zero. For situations of θi < θc, total external reflection of the 
incident beam is achived with only an evanescent wave refracting into the sample. 
This is usually the case in neutron reflectivity measurements. 
 
For most materials, the perpendicular reflectivity R, can be simplified as the square 
of Fresnel reflection coefficient r, which is defined in EQ 3.1 and 3.2. The reflectivity 
from this sharp interface is characterised by the critical angle, θc, indicated by the 
point at which the reflectivity drops from unity, and is often referred to as the critical 
edge. Since the neutron momentum transfer along z axis perpendicular to the 
sample surface panel is 
𝑞𝑧 = 4𝜋𝜆 sin 𝜃𝑖  [123]                                                                                                                     (EQ 3.9)     
The r, and hence R can be derived in terms of q as below: 
𝑅(𝑞) = �1 − �1 − �𝑞𝑐 𝑞𝑧� �2�1/21 + �1 − �𝑞𝑐 𝑞𝑧� �2�1/2�
2                                                                                         (EQ 3.10) 
where qc is the critical value of qz below which total reflection occurs.  
 
The reflected intensity is recorded at a set of specific angles as a function of time 
and a computer algorithm converts this into the reflectivity (R) as a function of Qz. 
Then fitting programs were used to simulate an ideal fit to the plot, transferring the 
neutron data into more direct and useful result. For example, it can convert to a layer 
profile curve, showing thickness, roughness and optical properties of each layer. [136]  
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3.6.3 Instrumentation  
 
The neutron reflectivity measurements carried out for these studies were made using 
the pulsed neutron source in ISIS. In such systems, the time of arrival of a neutron at 
the detector is used to evaluate the neutron's energy at fixed incident angle. In non-
pulsed systems a monochromator based system can also be used. 
 
In ISIS, the ion source creates negatively charged hydrogen ions made up of two 
electrons and one proton, and the ions are fed into three accelerators one by one. 
During the acceleration the electrons are striped off by a thin foil, and the bare 
protons are accelerated to 84% of the speed of light. Then the proton beam is 
directed to fire into a tungsten target. Neutrons released from atoms in the target are 
channeled through various components.[139] These include a disc chopper to select 
the wavelength range, a prompt pulse suppressing nimonic chopper and neutron 
absorbing jaws to coarsely collimate the beam. There are two slits sitting between 
the beam entrance and the sample stage and another two between sample stage 
and detector. The width of the slits were arranged to give a resolution of 4% on 
momentum transfer dQ/Q.  
 
Neutrons in ISIS are channelled to over 20 neutron instruments for experiments. 
CRISP is one of the neutron reflectometer instruments. Figure 3.8 showed the 
overview of ISIS target station 1 and the CRISP sample room. Neutrons are a 
dangerous form of radiation, and also gamma radiation is produced, therefore the 
sample room is heavily shielded with concrete wall which will be closed during 
experiment operation. The liquid nitrogen moderator in CRISP gives a wavelength of 
0.5 to 6.5 Å, with the disc chopper working at 50Hz, and can be extended to 12 Å 
with the disc chopper working at a half frequency. 
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Figure 3.8: Pictures of ISIS CRISP sample room and Target Station 1. 
 
First a reference sample was used to align the sample stage and the position of 
detector to achieve the biggest intensity. Polymers in thin film state generally have a 
lower reflectivity than silicon substrates, so the neutron wave can penetrate the film 
and be reflected by the silicon substrate. These will generate strong interference 
fringes between the critical angle of the polymer film and the critical angle of the 
silicon substrate, called Kiessig fringes.[145] A full neutron scan consists scanning at 
serveral different incident angles (theta, θ), each covering a range of qz. Table 3.3 
showed an example of full scan setup with angles and slits arrangements, shown in. 
At each angle, the neutron scan will stop after having a certain amount of incident 
neutrons (unit in µAmpere hours). Then the data obtained from each angle are 
combined together to form a single neutron reflectivity trace. [146] CRISP can 
CRISP Control Room 
Reflection Detector 
Neutron Beam Entrance 
Sample Stage 
Neutron Main Beam 
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measure qz in a range of 0.05 to 0.65 Å-1. [137] The count time must be sufficient to 
make sure the error bars, especially at the connecting area of data from different 
scanning angle, to be smaller than the reflectivity features, to minimise disturbance 
on data analysis, and increase precision of fitted models. The slit width value may be 
adjusted depending on sample surface roughness to maintain the measurement 
resolution.  
 
Incident 
θ 
Reflect  
φ 
Slit 1 
(cm) 
Slit 2 
(cm) 
Slit 3 
(cm) 
Slit 4 
(cm) 
Intensity 
Limit (A) 
0.25 0.25 0.480 0.220 1.000 1.000 40 
0.60 0.60 1.150 0.576 2.000 2.000 80 
1.20 1.20 2.300 1.150 4.000 4.000 150 
1.80 1.80 3.270 1.600 4.000 4.000 300 
Table 3.3: Standard slits arrangement in neutron reflectivity measurement. 
 
 
3.6.4 Experimental  
 
Neutron reflectivity measurements in this project were all carried out at the CRISP 
reflectometer at ISIS, Oxford. [147] The powerful highly automated instrument is free 
to use upon successful application. However, only limited neutron beam time was 
granted. The neutron data on TFB related samples before and after anneal was 
collected in May 2006, while data on rinsed samples was collected later in June. For 
P3HT/PE samples, the neutron experiment was carried out in a one day session in 
March 2008, and for PSS related samples, neutron reflectivity data was collected in 
a two day session in May 2010 [148].  
 
For TFB based samples, each sample was measured three times: before annealing, 
post annealing and post spin rinsing. The thermal treatment and rinsing were carried 
out on site. The annealing was done in an oven under vacuum. At the end of the 
heating process the oven was refilled with dry nitrogen to cool the sample. The spin 
rinsing was performed using para-xylene as solvent.  
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For PSS related samples, a full neutron reflectivity scan (For parameters see Table 
3.3) was carried out before thermal treatment. Then the sample was heated to 150°C 
at a rate of 10°C/min in a heating chamber provided by ISIS. 5 minute quick scans 
were looped during the heating process. After reaching 150°C, the temperature was 
maintained for 30 minutes, followed by another full scan at this temperature. After 
the scan, sample was removed from the heating chamber, and quenched on cool 
metal blocks. A full scan was performed at room temperature afterwards. A final full 
scan was applied after solvent rinse to complete a full set of data for each sample. 
 
3.6.5 Data Analysis  
 
3.6.5.1 Parrat32 Data Analysis Tool 
 
Parrat32 is a reflectivity tool developed by BENSC, Berlin.[149] It can calculate optical 
reflectivities (neutrons and x-rays) from a given model sample over a specified Q-
range or fit model parameters to measured sets of data. The calculations are carried 
out by means of Parratt's dynamical approach. [150] This approach is based on 
stratified media, hence only the refractive index differences perpendicular to the 
surface are considered. The fitting parameters include layer sequence, layer 
thickness, layer scattering length density (SLD) and roughness. The initial guess of 
layer thicknesses usually comes from ellipsometry measurement. SLD of each 
component can be calculated by chemical composition and molecular weight. 
 
First, the initial guess of layer parameters, including thickness, SLD and layer 
roughness, was input into the program. The programme then generated a theoretical 
neutron reflectivity trace based on the input model, and compared with the 
experimental data to give a weighted sum of squared errors, chi squared (χ2). 
𝜒2 = � (𝑂 − 𝐸)2
𝜎2
                                                                                                                    (EQ 3.11) 
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where σ2 is the known variation of the observation, O is the observed (experimental) 
data, and E is the theoretical data generated by the fitting programme. Then the 
programme started auto-adjust the values in a small range to change the modelled 
neutron reflectivity trace in order to obtain the best χ2 value (close to 1). The 
optimisation is implemented as a simplified one dimensional Newton-Raphson 
method, which converges quadratically into the nearest minima. Then the values 
may be manually adjusted based on the trend of auto adjustment to further improve 
the fitting. By repeating the auto-manual adjusting circle, a fitting trace with the best 
χ2 value can be obtained. Parrat32 also has the ability to fit selected parameters in 
the auto fitting while keep others constant, and in my fitting, the last fit always have 
all parameters selected as adjustable. 
 
3.6.5.2 Slab Fit Data Analysis Tool 
 
The slab fit program is developed in ISIS by D.S.Sivia. [151] It is carrying out an ab 
initio search for a SLD profile that agrees with the reflectivity data while minimising 
the number of free fitting parameters using Bayesian probability theory.[152] This 
reasoning method specifies some prior probability when evaluating the probability of 
a hypothesis, and then updates it in the light of new, relevant data. It assesses the 
strength of the hypothesis given the new evidence, and also assesses the strength 
of the evidence given the hypothesis.  
 
In slab fit, the density profile is assumed to be described adequately as the sum of a 
few (up to 20) uniform layers of material (or slabs) and three Gaussian roughness 
parameters: one each for the outer and innermost interfaces, and the third for all the 
internal ones. [153] In the beginning of each fitting procedure, a guess of the device 
total thickness, d, based on other measurement such as ellipsometry, is chosen and 
input. The first iteration of the fitting is a single layer model with the total thickness, d. 
By varying the thickness, roughness parameter within the allocated tolerance of 10%, 
and varying the SLD within a set range (0 to 5 × 10−6Å-2 according to experience), 
slab fit will automatically generate theoretical reflectivity curves based on the model 
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and give deviations between experimental result and calculated one. If satisfactory fit 
(χ2 <1) is not reached, slab fit will starting building two layer models, with a total 
thickness still remains to be ‘d’ (still with a 10% tolerance limit), and each layer 
having independent roughness and SLD. A failure to fit with the two layer profile is 
followed by three layer profiles. If fitting remains unsatisfactory, the number of layers 
keeps increasing up to a maximum of 20. Fitting is terminated either when the 
normalised χ2<1, or the layers used reached 20.  
 
In order to find the best quality of fit, the entire fitting procedure was repeated using 
several ‘d’ (up to 20 values, with an interval of 50Å) for each reflectivity curve. When 
differentiate between several high quality fits, physically unrealistic profiles (layers 
detached, negative SLD values) is discarded first, then the best fit will be chosen by 
lowest χ2 (if χ2>1) or fewest layer used (if χ2<1). The script-based software doesn’t 
have an integrated user interface, and only outputs data fits via a graphic drawing 
tool, therefore the fit data is not obtainable. However the best fit SLD profiles were 
shown after fitting, which can be redrawn into more friendly figures. 
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4.1 Introduction 
 
CLEVIOS® is a thin film product of poly(styrene sulfonate)(PSS)-doped 
poly(ethylene dioxy thiophene)(PEDOT) blend (structure shown in Figure 3.1), which 
is widely used as a charge injection/transport layer due to its high conductivity (~1-10 
S/cm) and good stability. [76,154] Kim and co-workers[125]  at Cambridge Display 
Technology (CDT) Ltd found that by annealing a bilayer of a toluene soluble polymer 
poly(2,7-(9,9)-di-n-octylfluorene)-alt-(1,4-phenylene-((4-sec-butylphenyl)imino)-1,4-
phenylene))(TFB) (Structure shown in Figure 3.1) on top of the CLEVIOS above the 
Tg of TFB (180°C), an insoluble layer on top of the CLEVIOS layer formed and 
remained after solvent rinse. The study showed that this layer brings significant 
improvement to the LED device efficiency such as an increase in external quantum 
efficiency, which is the ratio of the number of photons emitted from the LED to the 
number of electrons passing through the device. [41] The formation mechanism of this 
layer is not clear, but is clearly due to the presence of another component, CLEVIOS, 
in the bilayer structure, since pristine TFB film do not form such layer. CDT has 
carried out extensive analysis [155] including FTIR, Raman spectroscopy and UV 
absorption on the insoluble interlayer, but failed to find any evidence for crosslinking 
reactions between TFB and CLEVIOS polymers, eliminating the possibility of 
chemistry crosslinking via covalent bonds. Neutron reflectivity measurements were 
applied to study the possibly of physical blending as the nature of the layer formation. 
 
The neutron reflectivity experiments on TFB-based thin film device samples supplied 
by CDT Ltd were carried out at the CRISP reflectometer at ISIS, Oxford in 2006. An 
initial analysis of the data using a downhill simplex based optimisation system ProFit 
was carried out by Dr Simon Martin. [156] In a neutron data fitting analysis, it is 
important to verify the findings in as many ways as possible. Therefore this chapter 
presents a more detailed analysis of the data using different neutron data fitting 
programs, Parrat32 version 1.6 and a Bayesian Statistics based routine Slab Fit. All 
Chapter 4. Neutron Study on TFB Related Thin Film Devices 
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the samples involved in the previous study were fitted, and fittings provided similar 
results for the layer structure parameters on most samples, while also revealing 
some new feature in the main bilayer structure samples. 
 
 
4.2 Methodology 
 
The bilayer structure samples of dCLEVIOS and TFB and of PSS and TFB were spin 
cast on polished silicon substrates at CDT. The top layers of both samples are TFB, 
and were directly spin-coated on top of the bottom layer. All PSS in the bottom layers 
either in dCLEVIOS blend layer or pure PSS layer were deuterated to give good 
neutron contrast between layers. Samples were named hTFB/dCLEVIOS and 
hTFB/dPSS, respectively. The hTFB/dPSS sample was used to investigate whether 
PSS or PEDOT in CLEVIOS is responsible for the formation of insoluble layer. 
Neutron reflectivity experiments were carried out at three stages, which are before 
anneal stage, post anneal stage and post solvent spin rinse stage.  
  
The fitting results shown are from Parrat32 and Slab fit. In Parrat32, the number of 
layers was chosen prior to fitting, and fixed while iteration. The fitting of each 
reflectivity curve always started with a bilayer model. Non-satisfactory fitting result 
led to models with more layers being used. In slab fit iteration, the number of layers 
was not fixed, and can automatically increase to a maximum of 20 to obtain the best 
fit. Results showing for each series of samples are in two sets, one is the best fits to 
the neutron reflectivity data, and another one is plots of SLD value of the samples as 
a function of depth from the air interface to the silicon interface.  
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4.3 Parratt32 Data Analysis  
 
4.3.1 hTFB/dCLEVIOS samples 
 
Figure 4.1shows the Parratt32 neutron data fitting results on the hTFB/dCLEVIOS 
sample. Data collected at all three stages, before anneal, post anneal and post spin 
rinse, are included. In order to give a clear view while maintaining the original fit/plot 
shape, the Y-axis values of post anneal and post spin rinse fit were offset by 
multiplying or adding a constant value. In the Scattering Length Density (SLD) profile, 
the '0' value represents the atmosphere and the plateau with SLD value of 2.1 ×10−6 Å−2  towards the right end of the profile represents the silicon substrate of the 
bilayer device.  
 
The fitted layer parameters, thickness and SLD value, are summarised in table 4.1. 
The χ2 values of the fits in Figure 4.1 generated by Parrat32 are around 2, which 
indicate good fitting results. Fits using other models in Parratt32 for post anneal data 
and post spin rinse data are presented in Figure 4.4 and 4.5, respectively, and will 
be discussed later. The best fit model of the unannealed stage data of the sample 
consisted two layers, which confirms the sample is in bilayer structure.  The layer 
thickness values obtained are close to those found by ellipsometry (Table 3.1). From 
the SLD profiles in Figure 4.2, two layers can be clearly distinguished in the pre 
anneal fit, with the deuterated layer having a much higher scattering length density. 
The post anneal profile in Figure 4.2 is similar to the pre anneal one, however, the fit 
to the data now corresponds to a three layer model with an extra thin layer (~72Å) of 
intermediate scattering length density (~1.1 × 10−6 Å−2) between the TFB (7.8 ×10−7Å−2)   and dCLEVIOS (3.6 × 10−6Å−2) layers. The post spin rinse neutron 
reflectivity data displays clearly that this interlayer remained, essentially unchanged, 
on top of the dCLEVIOS layer after para-xylene solvent rinsing. This indicates that 
the new layer has a different solubility to that of the top TFB layer and is in keeping 
with CDT’s observations. [76]   
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Figure 4.1: Parrat32 neutron data fits of hTFB/dCLEVIOS sample. Points: Neutron data. Lines: Correponding best fit. 
Y axis of curves are offset by 102 and 104 folds for clarity. (a): Before Anneal, (b): Post Anneal and (c): Post Spin Rinse.  
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Figure 4.2: SLD profile of the sample hTFB/dCLEVIOS. Y-axis of curves is offset for clarity. 
(a): Before Anneal, (b): Post Anneal and (c):Post Spin Rinse. 
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Table 4.1: Layer parameters of hTFB/dCLEVIOS sample. 
 
The TFB layer thickness reduced from 287 Å to 208 Å after the annealing, while the 
dCLEVIOS layer shrank from 792 Å to 760 Å. The total thickness of the TFB layer 
and interlayer after annealing (280 Å) is comparable with the thickness of the initial 
TFB layer (287 Å), while the dCLEVIOS layer thickness reduction (32 Å) is roughly 
half of the newly formed interlayer thickness (72 Å). This implies that the new inter 
layer was formed based on part of the TFB layer, and the shrinkage in dCLEVIOS 
layer directly leads to the decrease of total sample thickness. Derived from this SLD 
profile change, the layer structure changes in the sample during the whole process is 
demonstrated in Figure 4.3.  
 
 
Layer Property Pre anneal Post anneal Post spin rinse 
TFB 
Thickness (Å) 287 208 ---- 
Avg SLD (Å-2) 9.1 × 10−7 7.8 × 10−7 ---- 
Thickness × SLD (Å-1) 2.6 × 10−4 1.6 × 10−4  
Inter-Layer 
Thickness (Å) ---- 72 92 
Avg SLD (Å-2) ---- 1.1 × 10−6 1.1 × 10−6 
Thickness × SLD (Å-1) ---- 0.9 × 10−4 1.0 × 10−4 
dCLEVIOS 
Thickness (Å) 760 746 745 
Avg SLD (Å-2) 3.6 × 10−6 3.7 × 10−6 3.7 × 10−6 
Thickness × SLD (Å-1) 27.3 × 10−4 27.6 × 10−4 27.6 × 10−4 
Parratt32 Fitting χ2 2.14 1.92 1.50 
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Figure 4.3: Schematic description of changes to polymer layers during annealing/spin rinse 
process. Dashed line in SLD profile sketches represents 0 axis of SLD. 
 
There are two reasons that lead to the dCLEVIOS layer shrinkage. One is the water 
loss in dCLEVIOS layer. The high polarity sulfonate groups in PSS can attract water 
molecules and retain them after spin casting and this will lower the SLD value of the 
dCLEVIOS layer due to the reduction in deuterated polymer concentration. After 
annealing, the water molecules are eliminated from the sample, leading to an 
increase of SLD value in dCLEVIOS layer and a smaller thickness of the layer. 
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Another reason is the possible chain migration between TFB and dCLEVIOS layers. 
From the profile curve of the post annealing data fit in Figure 4.2, it can be seen that 
the SLD profile of the interlayer has a gradient distribution, with the dCLEVIOS 
interface end much higher than TFB interface end. This gradient results from a big 
interlayer roughness value (25Å) given the interlayer thickness (72Å). Therefore it is 
possible that during the thermal treatment, some molecular chains in the dCLEVIOS 
layer migrated into the TFB layer through the interface and achieved some kind of 
mixed state, thus forming a new insoluble structure. Upon solvent rinse, the 
thickness of inter layer and dCLEVIOS layer had no significant change. 
 
Another phenomenon revealed by the fitting is the occurrence of a gradient 
distribution of SLD in dCLEVIOS layer. In the pre-annealed sample, a gradient only 
appears at the silicon interface end of the bottom dCLEVIOS layer, which is believed 
relating to the oxide layer on the silicon substrate and possible dewetting of the 
dPSS from the substrate as reported by Webster et al. [157]. However, in the fitting on 
post annealed samples (including post spin rinse stage), the gradient distribution 
exists along the whole dCLEVIOS layer. This feature, resulted from large roughness 
values (over 300Å) of the dCLEVIOS/Si substrate interface, suggests that thermal 
annealing lead to a kind of composition change within the dCLEVIOS layer. This is 
consistent with interfacial phase segregation in the PSS/PEDOT blend CLEVIOS 
layer, where some deuterated material has moved to the TFB interface. [158] A 
second possibility is that there is some de-wetting of the dCLEVIOS layer from the 
silicon substrate. Webster et al. [157] reported a reduction in the SLD of a polymer film 
on an ITO substrate following an annealing process and postulated that this was due 
to dewetting. However, no direct evidence of dewetting was observed here. Off-
specular neutron reflectivity measurements would be needed to definitively 
differentiate between the two possibilities. 
 
To confirm the features revealed by the fits discussed above. Parratt32 data fits 
using other models were provided for comparison. Figure 4.4 shows fits using other 
models for analysing post annealing NR data of hTFB/dCLEVIOS sample, and 
Figure 4.5 shows the fits of post spin rinse data. Y-axis offset for clarity. 
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Figure 4.4: (a) Data fits and (b) SLD profiles of different models used on post annealing 
neutron reflectivity of hTFB/dCLEVIOS in Parratt32. (i) A two layer model, with limited 
roughness value, (ii) A three layer model, with limited roughness value, (iii) A three layer 
model, with free roughness value, (iv) A 10-layer model, with limited roughness value. 
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In post anneal data analysis, a two layer model (i) was initially used, and the best fit 
of this model only gave a χ2 value of 9.41. Model (ii) of adding the extra thin layer 
with an intermediate SLD value improved fit result, and lowered χ2 value to 6.63. 
This provides strong evidence to the interlayer formation during annealing. Using 
model with non-limited interface roughness values (iii) further improved data fit, with 
a χ2 value of the best fit down below 2, and the fit able to catch up all the features in 
the Q range of 0.01 to 0.11, which indicates that the model is very close to the fact 
structure of the sample. This fit is the same as the one presented in Figure 4.1, with 
large interface roughness values. In order to keep the roughness value within 
acceptable limits (~20Å), a model (iv) consisting of multiple slabs within the 
dCLEVIOS layer with gradually decreasing SLD values range from 3.8 × 10−6 Å-2 
near the interlayer interface to 3.5 × 10−6 Å-2 near the silicon surface, was used. The 
best fit from this model also gave a good χ2 value of 2.47. These results confirm the 
composition structure change within the dCLEVIOS layer due to thermal annealing. 
 
In post rinse data analysis, the fit using a model with limited roughness values (v) 
only gave a χ2 value of 4.9. Fits using a model with non-limited roughness values (vi) 
and a multiple layer model (vii) both improved the fit with a χ2 value below 2. This is 
consistent with the post anneal data analysis, and further confirms the composition 
change within the dCLEVIOS layer by dPSS segregation. 
 
Values obtained as the product of layer thickness with its SLD given in Table 4.1, 
can be used to describe the volume of material in a layer. These product values can 
also be used to estimate the amounts of the two polymers in the interlayer. The data 
show that the product value in TFB layer reduced 1.0 × 10−4 Å−1 after thermal 
treatment, while the reduction in CLEVIOS layer was 0.4 × 10−4 Å−1, therefore the 
ratio of TFB:CLEVIOS reduction in their original layer was about 5: 2. It should be 
noted that the reduction product total (1.4 × 10−4 Å−1) was higher than the interlayer 
product value(1.0 × 10−4 Å−1). This supports the hypothesis that part of the layer 
shrinkage might due to the loss of moisture in the layer. Therefore the ratio of 
TFB:CLEVIOS in the newly formed interlayer was estimated to be higher than 5: 2. 
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Figure 4.5: (a) Data fits and (b) SLD profiles of different models used on post rinse stage 
data of hTFB/dCLEVIOS in Parratt32. (v): A two layer model with limited roughness value, 
(vi): A two layer model without limiting roughness value, (vii): A 10-layer model. 
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4.3.2 hTFB/dPSS samples 
 
Figure 4.6&4.7 presents the neutron data of hTFB/dPSS sample at all three stages, 
and the fits and SLD profiles generated by Parratt32. Again, the plots are offset to 
give a clear view Layer parameters of the hTFB/dPSS sample are summarised in 
Table 4.2. The fits of post anneal and post spin rinse data are in good quality.The χ2 
value of the before anneal fit (4.1) is higher than other fits is due to the increased 
error bars of the data, which was resulted from a beam problem in NR measurement.  
 
The bilayer structure can be easily observed from the SLD profile in Figure 4.7. The 
two clear changes discussed above in hTFB/dCLEVIOS sample can be also 
observed here. A new insoluble interlayer formed at the TFB/PSS interface. The 
PSS layer shrank during the annealing, relating to the water loss and the contribution 
to the formation of the new interlayer during the thermal treatment. This confirms that 
PSS is directly involved in both device shrinkage and the formation of the new 
interlayer. 
Table 4.2: Layer parameters of hTFB/dPSS sample. 
Layer Property Pre anneal Post anneal Post spin rinse 
TFB 
Thickness (Å) 274 162 ---- 
Avg SLD (Å-2) 7.0 × 10−7 7.4 × 10−7 ---- 
Thickness × SLD (Å-1) 1.9 × 10−4 1.2 × 10−4 ---- 
Inter Layer 
Thickness (Å) ---- 107 133 
Avg SLD (Å-2) ---- 1.0 × 10−6 0.9 × 10−6 
Thickness × SLD (Å-1) ---- 1.1 × 10−4 1.2 × 10−4 
PSS 
Thickness (Å) 972 844 854 
Avg SLD (Å-2) 3.2 × 10−6 3.6 × 10−6 3.7 × 10−6 
Thickness × SLD (Å-1) 31.1 × 10−4 30.4 × 10−4 31.3 × 10−4 
Parratt32 Fitting χ2 4.1 3.1 2.6 
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Figure 4.6: Parrat32 neutron data fits of hTFB/dPSS sample. Points: Neutron data. Lines: Correponding best fit. 
Y axis of curves are offset by 102 and 104 folds for clarity. (a): Before Anneal, (b): Post Anneal and (c): Post Spin Rinse. 
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Figure 4.7: SLD profile of the sample hTFB/dPSS. Y-axis of curves is offset for clarity. 
(a): Before Anneal, (b): Post Anneal and (c): Post Spin Rinse. 
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The shrinkage of pure PSS layer is larger than that which occurred in the CLEVIOS 
layer, since more water molecules were being retained in the sample after casting 
due to the higher sulfonate group concentration. Comparing the thickness ratios of 
the newly formed interlayer to original TFB layer of the two samples,  107 ∶  274 ≈  39%  (hTFB/dPSS) 72 ∶  287 ≈  25%  (hTFB/dCLEVIOS®).                                                                        
It can be deduced that the TFB layer has been affected to a greater extent in the 
hTFB/dPSS sample. This may provide indirect evidence that PSS is more important 
than PEDOT in chain migration as well as thickness change. However, the role of 
PSS and PEDOT in the interlayer formation still unclear and requires more direct 
studies in the future.  
 
There is a difference (107 Å compared to 133 Å) in the thickness of the new 
interlayer between the post anneal and post spin rinse stages. However, comparing 
the product values of the thickness and the SLD, which are about the same before 
and after solvent rinse (see table 4.2), indicates that the amount of material in the 
layer remains approximately constant.  
 
The gradient distribution of the SLD profile in the dCLEVIOS layer was absent in 
hTFB/dPSS sample profiles. Although the fitting results have a slightly higher χ2 
value (4.1), the use of a higher roughness parameter or multiple slab models did not 
help to improve the fits. Therefore the dPSS layer is considered to be homogeneous 
after the process.  
 
However, the SLD profiles show a broad interface between the dPSS layer and the 
silicon substrate, in all three stages. These were resulted from a roughness value of 
about 100 Å. Figure 4.8 shows the fits using models with a limited roughness value 
(<10Å). They gave much abrupt interfaces, but the fits are nowhere close to the 
experiment data, and with very high χ2 values as shown on Figure 4.6(a).  
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Figure 4.8: (a) Data fits and (b) SLD profiles of using models with more abrupt interface on 
data of hTFB/dPSS sample. (viii) Before anneal, (ix) Post anneal with a two layer model, (x) 
Post anneal with a three layer model, (xi) Post spin rinse. 
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This confirmed the broad interface feature between the dPSS layer and the silicon 
substrate. The structure of this interface is unclear. A possible explanation is partial 
de-wetting of the deuterated PSS from the substrate, which reported by Webster et 
al. [157]. This phenomenon is a partial delamination of the film from the substrate, 
where the film remains intact but not fully attached to the substrate. Here, the d-PSS 
can migrate away from the substrate interface, and form small cavities between the 
film and the silicon interface, which can lower the SLD near the substrate end. The 
degree of de-wetting does not appear to change significantly with the annealing and 
spin rinsing. An alternative explanation can be that the absorbed hydrogenated water 
in the hygroscopic d-PSS film moved to the hydrophilic silicon substrate, lowering the 
SLD at the film/substrate interface. 
 
Figure 4.8 also showed the fits using models with (x) and without (ix) the inter layer 
for post anneal data. The improvement of the result by adding an extra thin interlayer 
is apparent, confirms the formation of the interlayer in hTFB/dPSS sample. 
 
Using the product of thickness and SLD value, changes of the amount of polymers in 
each layer can be estimated. The amount reduction of TFB after annealing was 0.6 × 10−4Å−1, while the dPSS reduction was also 0.6 × 10−4 Å−1. Therefore the ratio 
of TFB:dPSS loss in their own layer due to annealing was approximately 1:1. Since 
part of the material loss in dPSS layer was due to the loss of moisture, the ratio of 
TFB:dPSS in the new interlayer was large than 1:1. Comparing to the ratio of 
TFB:dCLEVIOS calculated earlier in section 4.3, the PSS composition in the 
interlayer was much higher than that of the dCLEVIOS, which adds further evidence 
that PSS was a more important factor in the interlayer formation. 
 
The idea that the interlayer is a physical mixture of the PSS and TFB provides an 
explanation for the resistance of the layer to the spin rinsing process. Any TFB 
entangled with PSS will remain trapped in the PSS as xylene is not a solvent for PSS, 
and thus form the insoluble interlayer. Estimating the entanglement density in the 
interlayer area can examine whether this hypothesis can stand for the observed 
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thickness of the insoluble interlayer. However, because the Mw of the TFB is 
unknown, the calculation was not done here. 
  
4.4 Slab Fit Data Analysis 
 
Another data fitting software, Slab Fit, was used on the same neutron reflectivity data 
of hTFB/dCLEVIOS and hTFB/dPSS samples. Upon inputting the total thickness, the 
software automatically uses a multi-slab model with up to 20 slabs to generate the 
best fit. The roughness of each slab is fixed to 5% in the fitting. The result in figure 
4.9 and 4.11 was directly generated by Slab Fit drawing. They showed excellent 
agreement with the experiment data, with extremely low χ2 values (<1), but most of 
them used the maximum 20 slabs. SLD profiles in figure 4.10 and 4.12 were redrawn 
from the output screenshots of the profiles and put in one chart to clearly show the 
thickness change. The SLD profiles are generally in accordance with the Parrat32 
results discussed in the earlier section. 
 
For the hTFB/dCLEVIOS sample, features of the new interlayer formation, the 
shrinkage of the dCLEVIOS layer and the SLD gradient within the dCLEVIOS layer 
are all exist in the Slab Fit results, which provides more evidence to support the 
discussion based on the Parrat32 data analysis. The interlayer is clearly shown in 
the post anneal profile and the post spin rinse profile, which is in consistent with the 
Parrat32 fitting results. The best fits generated by the Slab Fit use models containing 
more slabs than the models used by the Parratt32. More slabs were used for the 
post anneal data and post spin rinse data than the before anneal data, resulted to 
the broader SLD gradient distribution in the dCLEVIOS layer after the thermal 
treatment. These slabs within the dCLEVIOS layers show a clear gradually reducing 
SLD from the TFB inter face to the substrate interface. These results strongly 
support the composition change idea based on the Parrat32 data analysis.  
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Figure 4.9: Screenshots of fit output by Slab Fit on hTFB/dCLEVIOS sample at (a) Pre 
Annealing, (b) Post Annealing, and (c) Post Spin Rinse.
(a) Pre Annealing 
 (b)  Post Annealing 
 (c) Post Spin Rinse 
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Figure 4.10: Slab Fit result on NR data of hTFB/dCLEVIOS, SLD profile of sample. Data are offset to give clear view. 
(a) Before Anneal, (b) Post Anneal and (c) Post Spin Rinse.   
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Figure 4.11: Screenshots of fit output by Slab Fit on hTFB/dPSS sample at (a) Pre Annealing, 
(b) Post Annealing and (c) Post Spin Rinse.
(a) Pre Annealing 
(b) Post Annealing 
(c) Post Spin Rinse 
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Figure 4.12: Slab Fit result on NR data of hTFB/dPSS, SLD profile of sample. Data are offset to provide clear view. 
(a) Before Anneal, (b): Post Anneal and (c): Post Spin Rinse.  
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For the hTFB/dPSS sample, the fit quality is improved in the Slab Fit results with 
more slabs in models. However, the SLD gradient with the dPSS bottom layer is still 
not obvious to see, which is in consistence with the Parrat32 results. The only 
difference between the Slab Fit results and the Parrat32 results is that the interlayer 
cannot be distinguished from post annealing hTFB/dPSS data fitting. In the Slab Fit 
result, the SLD profile of the post anneal data shows not much difference to that of 
the pre annealing fit in Figure 4.12. However, the post spin rinse fit clearly shows 
there is an insoluble layer remaining after xylene rinsing, which confirms the 
formation of the TFB-PSS mixed interlayer upon thermal treatment. 
 
4.5 Summary 
 
Neutron experimental data on the CDT project involving TFB-based thin film devices 
were re-analysed using Parrat32 and Slab Fit. Both fitting results confirmed the bi-
layer structure and the new interlayer formation revealed in the previous study. The 
SLD gradient in the CLEVIOS layer indicates the possibility of phase separation in 
the blend layer, which needs further investigation to provide direct evidence.  
 
 
82 
 
5.1 Introduction 
 
Although the new interlayer between TFB and PSS has been revealed by the NR 
studies, the detail of the formation process remains unclear. It was decided to 
investigate whether this insoluble layer formation process applies to other polymers 
in conjunction with PSS. Polystyrene (PS) and poly(methyl methacrylate)(PMMA) 
were chosen due to their simple structure and well known properties.  
 
5.2 Methodology 
 
Bilayer samples of PS on top of PSS and PMMA on top of PSS were prepared, and 
annealed in a nitrogen atmosphere at 150°C for 30 minutes. The samples were then 
quenched to room temperature, and then washed using organic solvent. 
Characterisation included FTIR. Ellipsometry, AFM and Neutron Reflectivity were 
carried out before annealing, after annealing and post solvent wash. Sample 
preparations were slightly altered for each characterisation method. For FTIR, thin 
film samples were cast by solvent evaporation to have a larger layer thickness, 
typically 2 or 3 microns, to eliminate the substrate interference with the ATR 
measurement.  For neutron reflectivity measurement, deuterated polymers were 
used to improve the neutron contrast between layers.  
 
5.3 Differential Scanning Calorimetry (DSC) Study on PSS 
 
Since polymer chain motion is restricted below the glass transition temperature, it is 
necessary to make sure that the chosen annealing temperature is above the glass 
transition temperatures of all polymer components in the prepared samples. In which 
Chapter 5. Investigation of PSS Based Bilayer Thin Film Devices 
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case, the blending process can possibly occur during annealing. For instance, the 
thermal treatment temperature for TFB based bilayer devices was chosen to be 
above Tg of TFB (180°C) at CDT.[125] The glass transition temperatures (Tg) of 
PMMA and PS are well known at around 109°C and 95°C, respectively. However, 
the study of the glass transition of PSS is limited, 108°C has been mentioned in 
study from Andreani, et al. [159] The difficulties of measuring Tg of PSS are due to the 
ionic bonds in the polyelectrolyte and the hydrate water molecules, which restrict the 
chain motion, prohibiting a clear glass transition.  
 
An attempt to determine the Tg of purchased PSS salt was carried out using a 
sensitive DSC instrument. It recorded the thermal behaviour of pure PSS sample 
between 0°C to 200°C, and up to six heating/cooling cycles were performed on each 
sample. The repeated thermal cycles were aimed at removing water hydrates in the 
sample, therefore the glass transition may be revealed. The measurement was 
repeated on three PSS samples. Very similar results were obtained. One of the DSC 
curves is shown in Figure 5.1, with the full range of result of all cycles (a) and a 
magnified selected range of curves (b). 
 
From the DSC curves of PSS, a clear big broad endothermic peak covered most of 
the test temperature range with peak heat flow at 115°C on the first heating cycle 
can be seen. This endo-peak is only present in the first heating, with a decrease of 
total sample weight (including pan weight) from 61.5mg to 61.2mg. It is believed that 
the peak relates to the elimination of water hydrate in the PSS sample, both on the 
surface and intragallery. This also proved that the purchased PSS is in a hydrated 
state. The highly overlapped DSC curves in the remaining cycles indicate that most 
water hydrates were removed by the first heating process. No other major transition 
can be seen from the full DSC curve after the first heating. Since the purchased PSS 
is a sodium hydrate salt, it is in crystalline form. No re-crystallisation and melting 
behaviours are present in later cycles after the first heating process indicating that 
the crystallisation and melting points of PSS salt are above 200°C. 
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Figure 5.1: (a) DSC curve of PSS sample over 6 cycles of heating/cooling between 0°C to 
200°C. (b) Cooling DSC curve of PSS sample between 80°C to 140°C. 
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It is difficult to see any obvious secondary transition of PSS in the full range DSC 
curves. However, a small fluctuation of the heat flow at 115°C can be observed after 
zoom in the cooling curve, and this is also the peak point of each cooling curve. On 
the heating curves of the second to sixth cycles, no heat flow fluctuation was found, 
and the gradient of heat flow curve remains almost constant over the whole test 
range. PSS has a same backbone structure as PS (Tg ~ 95°C), the only difference 
being the sulfonate substitution group on the benzene rings. The bulky sulfonate 
group can increase the chain motion difficulty, and will decrease chain flexibility, 
hence increases the Tg. PSS  is a polyelectrolyte, so the ionic bonds between 
sulfonate groups are much stronger than the weak Van der Waals inter/intra-
molecular forces, further restricting the chain motion and molecular conformation 
change. These factors make it reasonable that the Tg of the PSS samples can be 
around 115°C, 20°C above that of PS. However the water evaporation peak on the 
first heating curve has a maximum at 115°C, which raised another possibility that this 
small fluctuation on cooling curves may relates to the remaining hydrate in the 
samples. Further analysis is required to clarify the two possibilities.  
 
An annealing temperature of 150°C was chosen based on the literature [159] and DSC 
studies. This temperature is well below the degradation point of all three polymer 
components, and above Tgs of all three polymer components. It is believed at this 
temperature, the polymer chains can gain enough mobility to cause possible 
blending with each other. 
 
 
5.4 Fourier Transmission Infrared (FTIR) Spectroscopy Study 
 
FTIR spectra are included below. Figure 5.2 shows the FTIR absorbance spectra of 
each component. PMMA has a very different spectrum compared to PSS and PS, 
due to the structural difference between the carboxylic ester and phenyl side groups. 
Characteristic peaks are C=O vibration at 1720cm-1 and C-O vibration at 1135cm-1, 
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1240cm-1. The spectra of PSS and of PS are similar, since the structure of PSS 
looks like adding some sulfonic groups on the benzene rings in PS. The multiple 
strong sulfonate stretching vibrations between 1000cm-1 to 1200cm-1 distinguish PSS 
from PS. Another difference relates to the different substitution number on the 
benzene rings in PSS and PS. In PS, the mono-substituted benzene vibration band 
is at 694 cm-1, while in PSS, di-substituted benzene vibration bands are between 
750cm-1 to 850cm-1 related to different substitution patterns. The broad band above 
3200 cm-1 in PSS relates to the moisture molecules contained in the salt hydrate. [160] 
 
Figure 5.2: FTIR spectra of pure PSS, PMMA and PS. 
 
5.4.1 PMMA/PSS Bilayer Samples 
 
Figure 5.3 shows the FTIR spectra of a PMMA/PSS bilayer sample under different 
conditions. The spectrum of the bilayer sample before annealing only gives vibration 
peaks relating to PMMA, indicating that the solution cast top layer of PMMA was at 
least several micrometres thick, covering the whole ATR penetration depth range, so 
only PMMA can be detected. After solvent rinsing, the FTIR scan of the unannealed 
sample only showed the vibration signal from PSS, indicates that toluene solvent 
500 1000 1500 2000 2500 3000 3500
Abs 
Wavenumber(cm-1) 
PSS 
PMMA 
PS 
87 
 
rinsing can fully remove the toluene soluble PMMA layer. But the FTIR spectrum of 
the annealed sample after solvent rinsing showed the same spectral lines as the 
sample before annealing. This shows that the PMMA layer was hardly removed by 
the solvent rinsing, but remained on top of PSS after thermal treatment. This result 
implies that there is blending of the two polymers, analogous to that seen in the 
TFB/PSS system, preventing all of the PMMA from dissolving in toluene.  
 
Figure 5.3: FTIR spectra of PMMA/PSS bilayer sample under different conditions. 
 
5.4.2 PS/PSS Bilayer Samples 
 
Figure 5.4 shows the FTIR spectra of PS/PSS bilayer samples at different treatment 
stage. The spectrum of the bilayer sample before annealing shows a strong mono-
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substituted benzene vibration band signal (694cm-1) and weak signals at sulfonate 
band positions (1000 -1200cm-1) , indicating that the spectrum was dominated PS. 
The appearance of sulfonate band illustrates that thickness of the top PS layer may 
be within the ATR penetrating range (< 2μm), so the bottom layer PSS was included 
in the scan.  
 
The same as for the PMMA/PSS sample, the FTIR scan on the rinsed unannealed 
PS/PSS sample gave only signals characteristic of PSS, confirming that the toluene 
solvent washing is effective. Although structures of PS and PSS are similar, and 
having the same backbone structure, they have very different solubility behaviour 
due to the presence of the charged sulfonate group in PSS, and will not blend at 
room temperature.  
 
The spectrum of the annealed sample at the post solvent rinse stage also showed 
strong sulfonate group vibration band signals comparable with post solvent wash 
annealed sample. The spectrum changes from PS dominated to PSS dominated. 
The change illustrates that most of the PS was washed away from the annealed 
sample.  
 
Figure 5.4(b) shows a magnified spectrum at wavenumber range from 600 cm-1 to 
1000 cm-1. This provides a clear view of the only evidence of remaining PS coming 
from the mono-substituted benzene vibration band at 694 cm-1, which clearly 
displays the difference between the spectra of annealed and unannealed samples. 
Since the spectra of PS and PSS are similar, the other bands from PS are likely to 
be overlapped by the similar bands from PSS. The weak PS FTIR signal in the post 
solvent rinse annealed sample implies such blending of PS and PSS may be less 
strong than that between PMMA and PSS.  
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Figure 5.4: (a) FTIR spectra of PS/PSS bilayer samples under different conditions.  
(b) Magnified spectra from 600 to 1000 cm-1 wavenumber range clearly showed 
the bands from remaining PS in post spin rinse annealed sample. 
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These studies indicate that these systems may display upper critical solution 
temperatures (UCSTs). A possible explanation for the mixing observed in polymers 
that are expected to be strongly incompatible is that above a certain temperature the 
free energy of mixing changes to one that favours mixing. This is analogous to the 
UCST that is observed in some bulk polymer systems. [161] At temperatures above 
the UCST the polymers are miscible and the interlayer forms. If the cooling following 
annealing is significantly quicker than the de-mixing dynamics of the system then a 
quenching-in of the mixture structure will occur. However, currently there is no direct 
evidence to support this hypothesis. In order to confirm this idea, a series of studies 
at a range of temperatures is required to identify the critical temperature. The 
polymer pair may be completely immiscible at realisable temperatures below the 
degradation points. However the interfaces between the polymers are not 
molecularly sharp, as indicated in Figure 2.16(c), and it is still possible for these 
polymers to form interlayers with a finite width. 
 
5.5 Ellipsometry Study 
 
Spin cast thin films generally have a thickness of several tens of nanometres. It is 
not suitable to use ATR for assessing samples made by spin casting since the 
penetration depth of ATR is in micron range, in which case the spectrum will be 
dominated by the sample substrate. Ellipsometry has a comparable nanometre scale 
resolution with neutron reflectivity, and is quick, accurate and repeatable. These 
features make the technique ideal for pre-neutron sample measurement. The 
information on the range of layer thickness of spin cast bilayer samples obtained 
through ellipsometry will save a lot of time on neutron data analysis. 
 
Initially PSS solution was used to determine the proper spin casting speed. The 
duration of spinning was set to 30 seconds. A thin layer cast at 4000 rpm showed a 
thickness of around 12 nanometres, while 2000 rpm prepared a thin layer of around 
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22 nanometres. Considering the equipment errors may have more impact on thinner 
samples, 2000 rpm was chosen to prepare the bilayer samples. 
 
Five thin film samples were assessed using ellipsometry, including one pure PSS 
reference sample, two PS/PSS bilayer samples and two PMMA/PSS bilayer samples. 
All were spin cast on RCA method cleaned silicon wafer substrates. One of each 
group of bilayer sample was annealed at 150°C for 30 minutes. After thermal 
treatments, all bilayer samples were spin rinsed using toluene. Table 5.1 shows the 
different composition of all five samples and the treatment they received. 
Ellipsometry measurements were carried out after each layer casting after solvent 
rinsing. Atomic force microscopy observation was also carried out on the PSS layer 
of all five samples before the top layer casting and after solvent spin rinsing. These 
results will be presented in the following section. 
 
Samples 1 2 3 4 5 
Bottom 
Layer 
PSS 
Top Layer None PMMA PMMA PS PS 
Annealing √ √  √  
Solvent Spin 
Rinse 
√ √ √ √ √ 
Table 5.1: Samples with different composition and treatment for ellipsometry and AFM 
study.  
 
5.5.1 Single Layer PSS Sample 
 
A pure PSS single layer sample was prepared as reference sample. The initial 
thickness of the sample was measured to be 25.3 nm. The sample was annealed 
under the same condition as other bilayer samples, and was spin rinsed using 
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toluene. Ellipsometry measurement results in Figure 5.5 shows little change in 
thickness, indicating the PSS layer is stable through thermal treatment and insoluble 
in toluene.  
 
Figure 5.5: Thickness change of the reference PSS sample by ellipsometry, typical χ2~1. X-
axis meaning: 1-Layer cast, 2-Post annealing, 3-Solvent spin rinse. 
 
5.5.2 PMMA/PSS Bilayer Samples 
 
Figure 5.6 shows the total thickness change of unannealed PMMA/PSS bilayer 
sample during the whole test process. The bottom PSS layer was measured to be 
19.0 nm, and was treated as unchanged in fitting throughout the process due to the 
reference sample test result. Therefore the total layer thickness change relates to the 
top PMMA layer change. After first toluene spin rinse, total thickness of the bilayer 
was down from 50.3 nm to 22.0 nm, indicating the majority of the top layer was 
removed by the wash. This proves the solvent spin rinse in this process is also 
efficient. Subsequent rinsing further reduced the total thickness down to 19 nm, 
indicating the top layer was fully removed. This result corresponds to the FTIR study 
presented earlier, confirming that PMMA and PSS are immiscible at room 
temperature, and no blending occurs. 
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Figure 5.6: Layer thickness change upon solvent spin rinse for PMMA/PSS unannealed 
sample by ellipsometry, typical χ2<1. X-axis meaning: 1-Bottom layer cast, 2-Top layer cast, 
3 to 5- First to Third spin solvent rinse. 
 
 
Figure 5.7: Layer thickness change upon solvent spin rinse for PMMA/PSS annealed sample 
by ellipsometry, typical χ2<1. X-axis meaning: 1-Bottom layer cast, 2-Top layer cast, 3-Post 
annealing, 4 to 10- First to Seventh spin solvent rinse. 
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Figure 5.7 shows the total thickness change of annealed PMMA/PSS bilayer 
samples. The thickness of bottom PSS layer is measured at 23.0 nm and again was 
assuming being constant during the whole process. Annealing slightly reduced the 
total thickness by 1nm, possibly due to the shrinkage of the PSS layer as water is 
eliminated. Different to the unannealed PMMA/PSS sample, the total thickness 
reduced very little, from 57.5 nm to 56.0 nm, after first solvent spin rinse. Since the 
result on unannealed sample proved the efficiency of solvent rinse, this difference 
suggests that thermal annealing did have impact on the bilayer structure, possibly a 
physical blending between PMMA and PSS, which granted PMMA layer insolubility 
to toluene. Subsequent solvent rinse further reduces the top layer thickness at a 
relatively constant rate, suggesting the physical blending is not strong enough in 
most parts of the PMMA layer. However, the wash-off stops after six rinses, with the 
seventh toluene spin rinse did not change the total thickness. This implies that a ~ 
4nm insoluble layer was formed between PMMA and PSS layers, analogous to what 
happens between TFB and CLEVIOS.  
 
If the insoluble interlayer is forming during annealing, then a three layer model will be 
more suitable in ellipsometry data analysis. Therefore the post annealing 
ellipsometry data of PMMA/PSS were re-analysed. Results are shown in Table 5.2. 
A lower χ2 value was obtained, indicating the fitting is closer to the true sample 
structure. The interlayer thickness was fitted to be 4.4 nm, which is in accordance 
with the result after solvent rinsing. Fitting also provided the refractive index of the 
interlayer to 1.596. These data all support the hypothesis that an insoluble interlayer 
formed between PMMA and PSS during thermal annealing treatment.  
Models PSS layer Interlayer PMMA layer Error (χ2) 
Bilayer 23.0 nm N/A 33.5 nm 0.933 
Trilayer 21.0 nm 4.4 nm 31.9 nm 0.729 
Refractive Index 1.523 1.596 1.491  
Table 5.2: Ellipsometry results of annealed PMMA/PSS sample at post anneal stage, using 
different models. 
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5.5.3 PS/PSS Bilayer Samples 
 
Figure 5.8 and 5.9 shows the ellipsometry results of PS/PSS bilayer samples. They 
are very similar. For the unannealed sample, PSS bottom layer was measures to 
have a thickness of 22.9 nm, while the top PS layer adds 34.2 nm. After just a single 
solvent rinse, the top layer was fully removed. For the annealed samples, thickness 
of PSS bottom layer was measured at 26nm, with a 35.3 nm thick top PS layer. 
There was no clear change in the total thickness after annealing. However, the top 
layer was removed by the solvent spin rinse, as suggested by this result. This differs 
from the result of the FTIR study, which showed the existence of PS on top of PSS in 
the post spin rinsed annealed sample. Considering the results from FTIR and 
ellipsometry, it suggests that the remaining PS on PSS may be below the sensitivity 
level of ellipsometry. 
 
 
Figure 5.8: Layer thickness change upon solvent spin rinse for PS/PSS unannealed sample by 
ellipsometry, typical χ2<1. X-axis meaning: 1-Bottom layer cast, 2-Top layer cast, 3- Solvent 
spin rinse. 
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Figure 5.9: Layer thickness change upon solvent spin rinse for PS/PSS annealed sample by 
ellipsometry, typical χ2<1. X-axis meaning: 1-Bottom layer cast, 2-Top layer cast, 3-Post 
annealing, 4-Solvent spin rinse. 
 
5.6 Atomic Force Microscopy (AFM) Study 
 
Atomic force microscopy tests were carried out along with the ellipsometry study. 
Using a non-contact mode AFM, an area of 4µmх4µm on the surface of each sample 
was probed, and morphology pictures are shown in Figure 5.10 and 5.12, with RMS 
roughness values summarised in Figure 5.11 and 5.13. The observations were 
performed after the solvent rinse. Therefore it can directly assess the interface 
morphology of the samples. 
 
5.6.1 PMMA/PSS Bilayer Samples 
 
Figure 5.10 show the interface morphology for PMMA/PSS bilayer samples. FTIR 
and ellipsometry work all suggest that no PMMA was left on PSS in unannealed 
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sample. Therefore the AFM probed area on washed unannealed PMMA/PSS surface 
is the PSS layer surface. The AFM picture of this is very similar to that of pristine 
PSS surface, with a close roughness value (0.20 to 0.22 nm). This further confirms 
that no blending was occurred at PMMA-PSS interface at room temperature.  
  
  
Figure 5.10: AFM pictures of PSS layer surface on 1-Pristine PSS sample, 2-Rinsed 
unannealed PMMA/PSS sample, 3-first time rinsed annealed PMMA/PSS sample and 4-
second time rinsed annealed PMMA/PSS sample. (X, Y-axis unit: micron) 
 
For annealed samples, change is expected. Shown in Figure 5.11, an increased 
roughness from 0.22 nm to 0.41 nm upon solvent rinse clearly marks the picture 
area different from pristine PSS. It provides more evidence of physical blending in 
PMMS/PSS upon thermal annealing as the solvent rinse washed away soluble 
component, and left insoluble component, forming a much rougher surface. This is in 
consistent with the ellipsometry study in Figure 5.7, which show that after first spin 
4 3 
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rinse, only very little amount of PMMA was washed away.  As the subsequent spin 
rinse applied, the surface roughness increased to 0.91nm. 
 
Figure 5.11: Surface roughness of PSS layer surface on 1-Pristine PSS sample, 2-Rinsed 
unannealed PMMA/PSS sample, 3-first time rinsed annealed PMMA/PSS sample and 4-
second time rinsed annealed PMMA/PSS sample. (Unit: nm) 
 
5.6.2 PS/PSS Bilayer Samples 
 
Figure 5.12 show the interface morphology of PS/PSS samples with different 
treatment routes. Roughness values are shown in Figure 5.13. Since ellipsometry 
suggests the top PS layer was removed by toluene wash regardless the treatment, 
the AFM scans on both samples are on the PSS layer surface. Very different from 
the pristine PSS surface, both unannealed and annealed PS/PSS sample interface 
shows a two-phase pattern on the surface. Both surfaces have a more than doubled 
roughness compare to pristine PSS surface (0.50 and 0.43 nm to 0.20 nm). If no 
blending occurs, the interface would be just like pristine PSS. Combining this finding 
with the evidence in FTIR, it is highly possible that the second phase (yellow colour) 
is PS strings lying on top of PSS layer. This also explains why ellipsometry did not 
find PS, since the remaining PS did not form a complete layer above PSS.  
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Figure 5.12: AFM pictures of PSS layer surface on 1-Pristine PSS sample, 2-Rinsed 
unannealed PS/PSS sample, 3-Rinsed annealed PS/PSS sample. (X, Y-axis unit: micron) 
 
Figure 5.13: Surface roughness of PSS layer surface on 1-Pristine PSS sample, 2-Rinsed 
unannealed PS/PSS sample, 3-Rinsed annealed PMMA/PSS. (Unit: nm) 
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The two phase pattern also occurs on the unannealed sample surface. This raised a 
possibility that those strings of PS were residue left after rinsing process. The results 
from ellipsometry and AFM show that the annealing process does not have a 
significant effect on PS/PSS system. 
 
5.7 Neutron Reflectivity Study 
 
Two spin coated bilayer samples were prepared on silicon substrates for the 
experiment. The bottom layers of both samples were deuterated PSS, and the top 
layer was PMMA or PS. The purchased dPSS has a much lower Mw (7,400 g/mol) 
than the hPSS used (70,000 g/mol) in earlier studies, therefore a much thinner top 
layer was expected in the samples. The neutron reflectivity data was analysed using 
both Parrat32 & Slab Fit, and the results are present and discussed in this section.  
 
The neutron beam power was not at full level, and was frequently off during our 
session in ISIS. According to the local contact’s advice, a fourth scan angle at 1.8° 
was added in each scan. A four angle full scan requires much more time than a 
normal three angle scan, and in order to complete designed procedures for both 
samples, time for each scan was slightly reduced to fit in the granted time frame. 
Therefore the error bars of the data were not controlled to a good standard. The 
count statistics of pre anneal data of the PMMA/PSS sample is not good. This is due 
an incorrect sample alignment, and a re-scan was not allowed due to the limited 
neutron beam time. 
 
5.7.1 PMMA/PSS Sample 
 
The best fits and profiles generated by Parratt32 are shown in Figure 5.14 and 5.15. 
Slab fit results shown in Figure 5.16 and 5.17. Values of the total sample thickness 
and the χ2 of the fits are summarised in Table 5.3. 
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Figure 5.14: Neutron reflectivity data and Parrat32 fits for PMMA/dPSS bilayer sample. Points: Data. Lines: Fits.   
(a) Before Anneal, (b) Post Anneal at 150°C, (c) Post Anneal at RT, (d) Post Solvent Rinse. 
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Figure 5.15: Parrat32 calculated profile of PMMA/dPSS sample. (a) Before Anneal, (b) Post 
Anneal at 150°C, (c) Post Anneal at RT, (d) Post Solvent Rinse. 
 
 Parratt32 Slab Fit 
Stage Total Thickness (Å) χ2 Total Thickness (Å) χ2 
Pre Anneal 752 4.01 731 2.85 
Post Anneal at 150°C 757 4.35 768 1.79 
Post Anneal at RT 710 4.25 725 2.04 
Post Solvent Rinse 688 5.17 660 2.49 
Table 5.3: NR fit results of PMMA/dPSS sample. Thickness excludes oxide layer. 
 
The fits on PMMA/dPSS are reasonably well as the χ2 values indicated. The slab fits 
results have a better quality due to the more number of slabs used in the models. 
However, the SLD profiles generated from both fitting packages are in good 
coordination. 
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Figure 5.16: Slab Fit results of PMMA/dPSS sample. Points: Data. Lines: Fits.   
(a) Before Anneal, (b) Post Anneal at 150°C, (c) Post Anneal at RT, (d) Post Rinse. 
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Figure 5.17: Slab Fit calculated profile of PMMA/dPSS sample. (a) Before Anneal, (b) Post 
Anneal at 150°C, (c) Post Anneal at RT, (d) Post Solvent Rinse. Plotted based on best fit slab 
parameters, roughness of interfaces are between 3 Å and 10 Å. 
 
SLD profiles calculated from both Parratt32 and Slab fit are dominated by a 
hydrogenated PMMA layer, which the SLD is around 0.8 × 10−6 Å−2, close to the 
NIST SLD calculation for the PMMA [162]. The thickness of the thin layer near the 
substrate is in a range of 15 to 25 Å, and the SLD of it is above 3.2 × 10−6 Å−2. This 
layer is believed to be the silicon oxide layer formed during RCA clean of the 
substrates. The dPSS layer with a SLD of  3.0 ×  10−6 Å−2  [162] was expected but is 
not presented in the results. This is believed to the low molecular weight of the dPSS 
used, since molecular weight can greatly affect the thickness of spin coated polymer 
films. An ellipsometry examination was applied on the spin coated single layer dPSS 
on silicon substrate. It showed that with the molecular weight of 7,400, the 1% dPSS 
solution only gave films with the thickness around 50Å at the 2,000 rpm spin coater 
speed, and a continuous film is not always formed. This explained why the SLD 
profiles are dominated by a hydrogenated PMMA layer. The critical edges of the 
neutron reflectivity data in Figure 5.14 are very close to 0.01 Å-1, this also indicate 
that the sample has very little amount of deuterated materials. Without sufficient 
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thickness of the bottom dPSS layer, the interlayer structure change due to the 
thermal annealing is difficult to see through neutron reflectivity data analysis. 
 
The thickness of the sample changed during the whole process. An increase in the 
thickness of the sample in the 150°C is due to thermal expansion of the film. 
Surprisingly, it is clear to see that most of the PMMA layer remained after solvent 
rinse, with only a very small thickness change. With the experience gained in 
ellipsometry study, the solvent rinse was repeated several times before the neutron 
scan, and is believed to be effective at removing soluble materials.  
 
This solubility change after thermal annealing is definitely in relation to the dPSS in 
the system, since such change was not observed on PMMA film alone on silicon 
substrate in a lab practise. With the molecular weight of 7,400, the fully extended 
dPSS chain has a length of around 90 Å, therefore it is not possible for the dPSS 
chain to hold the whole PMMA layer (>600 Å) through entanglement. The 
ellipsometry result showed a much smaller affected region (40 Å) in PMMA/PSS with 
a longer PSS chain (70,000 in Mw). A hypothesis is that the short dPSS chains may 
diffuse into the PMMA layer during thermal annealing, and form a structure which 
changed the solubility of the PMMA layer. This requires a series of structure studies 
to fully reveal the mechanism behind.   
 
5.7.2 PS/dPSS Sample 
 
The best fits and profiles generated by Parratt32 are shown in Figure 5.18 and 5.19. 
Slab fit results are shown in Figure 5.20 and 5.21. Values of the total sample 
thickness and the χ2 of the fits are summarised in Table 5.4. The χ2 values indicate 
the fits on PS/dPSS are in good quality. The slab fits results generally have a better 
quality than the Parratt32 results due to the more number of slabs used in the 
models. The SLD profiles generated from both fitting packages are in consistent. 
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Figure 5.18: Neutron reflectivity data and Parrat32 fits for PS/dPSS bilayer sample. Points: Data. Lines: Fits.   
(a) Before Anneal, (b) Post Anneal at 150°C, (c) Post Anneal at RT, (d) Post Solvent Rinse.
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Figure 5.19: Parrat32 calculated profile of PS/dPSS sample. (a) Before Anneal, (b) Post 
Anneal at 150°C, (c) Post Anneal at RT, (d) Post Solvent Rinse. 
 
 Parratt32 Slab Fit 
Stage Total Thickness(Å) χ2 Total Thickness (Å) χ2 
Pre Anneal 838 2.95 826 1.85 
Post Anneal at 150°C 864 3.17 861 1.65 
Post Anneal at RT 820 4.18 829 1.90 
Post Solvent Rinse 43 2.81 65 3.48 
Table 5.4: NR Fit results of PS/dPSS sample. Thickness excluded oxide layer. 
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Figure 5.20: Slab Fit results of PS/dPSS sample. Points: Data. Lines: Fits.   
(a) Before Anneal, (b) Post Anneal at 150°C, (c) Post Anneal at RT, (d) Post Solvent Rinse. 
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Figure 5.21: Slab Fit calculated profile of PS/dPSS sample. (a) Before Anneal, (b) Post 
Anneal at 150°C, (c) Post Anneal at RT, (d) Post Solvent Rinse. Plotted based on best fit slab 
parameters, roughness of interfaces are between 1 Å to 15 Å. 
 
The calculated SLD profiles show a quite homogeneous hydrogenated PS layer on 
top of the silicon substrate. The SLD of the PS was fit to around 1.2 × 10−6 Å−2, 
which is close to the NIST SLD calculation. [162] Similar to the PMMA/dPSS fitting 
results, the thin silicon oxide layer was fitted with the absence of the dPSS layer. The 
critical edges of neutron data are around 0.01Å, indicating the small amount of the 
dPSS in the sample. The neutron reflectivity data of the PS/dPSS shows well 
resolved fringes in low Qz value range than PMMA/dPSS NR data, implying a more 
homogenous and flat PS layer. This is also reflected by the less slabs used in the 
successful slab fit models for the PS/dPSS sample. 
 
The total thickness of the PS/dPSS sample experienced an increase (Table 5.4) 
during heating due to the thermal expansion, similar to what happened in 
PMMA/dPSS sample. Differently, the fits to the post solvent rinse data of the 
PS/dPSS sample showed a vast thickness reduction, with only a less than 60 Å layer 
left on the substrate. The SLD of this thin layer is fitted to around 2.0 × 10−6 Å−2, 
which is believed containing deuterated materials. The fitted thickness of this thin 
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layer is similar to the ellipsometry measurement on the single dPSS layer, but the 
fitted SLD is below the calculated value of 3.0 × 10−6 Å−2. It is possible that this layer 
contains both PS and dPSS, but given the small thickness, it is very difficult to 
differentiate the two components. 
 
5.8 Summary 
 
The possible interface blending in PMMA/PSS and PS/PSS systems were assessed 
using FTIR, Ellipsometry, AFM and neutron reflectivity. Results from all the 
techniques used are generally consistent. Ellipsometry study suggests formation of a 
4nm thick insoluble layer at the PMMA/PSS interface area after thermal annealing. 
Neutron study confirms the change of the solubility of the top PMMA layer in the 
presence of dPSS and thermal annealing. However, the interlayer formation is not 
directly supported by the NR result due to the lack of sufficient thickness of the 
bottom dPSS layer. The blending effect between PS and PSS remains vague, and 
the effect of thermal treatment on the blending is unclear. Current results suggest the 
blending is more due to the structure similarity more than annealing effect. 
 
 
 
111 
 
6.1 Introduction 
 
This chapter describes neutron and surface microscopy study of a poly(3-hexyl 
thiophene)(P3HT)/polyethylene(PE) blend system. It is indirectly related to the main 
theme of the PhD project, but can give understanding of the behaviour of the 
materials in blend systems. For instance, blends are frequently used in polymer 
applications to meet multiple requirements. Adding conventional polymer into PV-
type polymer may achieve low cost, improved environmental stability and 
processability without too much loss of PV properties. [94]  
 
Goffri and co-workers found that by blending P3HT with selected semicrystalline 
commodity polymers, such as PE, as a Field Effect Transistor active layer, the 
concentration of semiconductor can be reduced to as low as 3% without any loss in 
device performance. [94] It is interesting to know how the two polymers affect to each 
other within this system, especially at the interface region. This study on P3HT/PE 
blends by neutron reflectivity and microscopy is aimed at providing more information 
on the blend structure of this multi-polymer system.  
 
6.2 Neutron Reflectivity Experiment 
 
These samples were taken to CRISP neutron reflectometer at ISIS, Oxford in April 
2008 to do neutron reflectivity measurements. During the alignment setup of the 
samples, heavy scattering was observed and the intensity of specular reflection was 
very low. Carrying out measurement under this situation will not gain acceptable 
neutron reflectivity data. Narrowing the detection slit width from 1.0mm to 0.6mm, 
together with the use of a beam block to narrow the beam width, did not reduce the 
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scattering. The neutron beam light was later proved to be high quality using a 
reference flat device. Therefore, the heavy scattering possibly means that the 
surfaces of these samples were not flat. This is unexpected because the P3HT/PE 
multi-component composite showed good electronic properties which have been 
understood in terms of P3HT segregating from the bulk component to form a layer at 
the air-film interface. In the worst situation, a more complicated off-specular neutron 
reflectivity is required to study the device interfaces. Such a study would have 
required many days of beam time and this was not available. 
 
6.3 Optical Microscopy Examination 
 
A study of the surface morphology followed. Samples were examined by using a 
MEF-3 reflective optical microscope with polarised light source. Pictures were taken 
at ×100, ×200, ×500 and ×1000 magnifications for each sample. Figure 6.1 shows 
pictures of the original samples taken at x500 magnification. 
 
Very clear morphology differences between samples having different composition 
can be seen from the pictures. The pure P3HT and dPE samples showed 
homogenous films. The lines on dPE sample believed to be scratches caused by 
incautious cleaning, and black dots possibly relate to dust on sample surface, since 
the polished silicon substrates are known to be very flat. In the blend samples, two 
phases can be distinguished. In the 10:90 P3HT/dPE sample, the majority of the 
sample appeared to be homogenous, while some bright round blocks could been 
seen with careful contrast adjustment. These round blocks became more clear and 
increased amount in 35:65 P3HT/dPE sample. They were also present in 50:50 
P3HT/dPE sample, indicating that they are probably be segregates of P3HT 
molecules. But the identity will need further examination like structure spectroscopy 
to confirm.  
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Figure 6.1: Surface reflective optical microscopic pictures of orginal (a) Pure P3HT, (b) 
75:25 P3HT/dPE, (c) 50:50 P3HT/dPE, (d) 35:65 P3HT/dPE, (e) 10:90 P3HT/dPE and (f) 
pure dPE sample. Bright phase: P3HT. Dark phase: PE. Pictures all at same magnification. 
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Both components interpenetrate into each other in the 50:50 P3HT/dPE sample, 
showing a better mixing of the blend, but some P3HT blocks still can be seen. In the 
75:25 P3HT/dPE sample, increased content of P3HT (bright phase) led to larger 
blocks and narrowed the area of dPE, some dPE molecules were also observed 
being trapped in P3HT phase.  
 
After observation, the samples were annealed to examine the effect of thermal 
treatment on blend structure. The annealing process was carried out in a tube 
furnace filled with inert nitrogen gas atmosphere at 125°C for 30 minutes. After 
removal from furnace, the sampled were quenched by putting them on a steel plate 
at room temperature. The annealing temperature was decided according to sample 
supplementary information provided by Goffri, et al.[94] The melting temperature of 
the dPE is ~115 °C, and ~185°C for P3HT. Therefore at 125°C, PE component will 
re-melt, and possibly may re-construct the polymer blend network upon quenching. 
 
The annealed samples were re-examined with the reflective optical microscope for 
surface morphology study. Pictures were taken at same magnitude and settings as 
pre-annealing sample observation. Figure 6.2 presents the pictures of annealed 
samples taken at x500 magnification. 
 
The heavy scratches on the dPE sample disappeared on the post-annealing 
samples, indicates that annealing at 125 °C includes melting and re-crystallisation of 
the PE component. However, the morphology in other five samples hardly changed 
after thermal treatment. The mixing of the two components did not improve, and 
phase separation remains at the same level at all of the compositions.  
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Figure 6.2: Surface reflective optical microscopic pictures of annealed (a) Pure P3HT, (b) 
75:25 P3HT/dPE, (c) 50:50 P3HT/dPE, (d) 35:65 P3HT/dPE, (e) 10:90 P3HT/dPE and (f) 
pure dPE sample. Pictures all at same magnification. 
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A differential interference contrast slide fitted on the microscope can reveal the 
height difference of different part on sample surface. It was used in the observation 
of post-annealed samples, and found that all the sample surfaces were very rough. 
Although the effect of annealing on sample surfaces is uncertain due to the lack of 
the differential pictures of the pre-anneal samples, the rough surface of pure P3HT 
and 75:25 P3HT/dPE (Figure 6.3) may suggest that the surface coarseness was due 
to sample preparation, since the blend structure of them hardly changes after 125 °C 
annealing. 
 
Figure 6.3: Optical microscopic picture of (a) P3HT, (b) 75:25 P3HT:dPE using differential 
interference contrast slide. Taken at x100 magnification. 
 
6.4 Summary 
 
Neutron experiments and surface morphology study were carried out on CDT 
prepared poly(3-hexyl thiophene)/polyethylene thin film devices. Unexpected 
scattering instead of reflection observed during neutron test, suggesting coarse 
sample surfaces. Reflective optical microscopy provided some evidence on surface 
coarseness. It also revealed that mixing was not homogenous in P3HT/dPE blend 
thin film samples. Observation comparison before and after thermal annealing only 
showed changes in pure dPE and 10:90 P3HT/dPE samples, while in sample 
contain over 30 wt% of P3HT, no significant changes observed.
500µm 
(a) (b) 
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7.1 Conclusions 
 
From the result and discussion presented in the above chapters, following 
conclusions can be drawn: 
 
1. Formation of an insoluble layer in the interlayer region of a bilayer 
semiconducting polymer system upon thermal annealing has been confirmed 
using neutron reflectivity study. The bilayer system includes a toluene soluble 
polymer poly(2,7-(9,9)-di-n-octylfluorene)-alt-(1,4-phenylene-((4-sec-
butylphenyl)imino)-1,4-phenylene))(TFB) on top of a poly(styrene 
sulfonate)(PSS)-doped poly(ethylene dioxy thiophene)(PEDOT) blend 
(commercial name CLEVIOS). The insoluble interlayer has been reported can 
improve the photovoltaic properties of LED devices containing CLEVIOS 
layers. Formation of the insoluble layer also has been found in bilayer system 
using pure PSS as the bottom layer, indicates the blending of TFB and PSS is 
responsible for the structure change. Phase separation with the CLEVIOS 
layer due to thermal annealing was reported from the neutron data analysis. 
Both Parrat32 and Slab Fit neutron data fitting tool provides identical results, 
and also highly similar to the initial fitting approach using Pro Fit package by 
Dr Simon Martin. 
 
2. The investigation on poly(methyl methactylate)(PMMA)/PSS bilayer system 
showed the top PMMA layer has been affected by thermal annealing. 
Possible blending of PMMA with PSS granted improved solvent resistantce. 
FTIR studies clearly showed a thick PMMA dominant layer remaining after 
solvent wash. Ellipsometry analysis reported the majority of top PMMA layer 
can be washed away after up to six solvent rinses, leaving a 4nm thick 
insoluble layer on top of PSS. AFM scans found the interface roughness 
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increased after thermal annealing, implying a blending of two polymers. 
Neutron work showed a very small thickness change after annealing and 
solvent wash, added evidence to the interlayer blending. 
 
3. Research on PS/PSS bilayer system did not find direct evidence of formation 
of an insoluble layer. Remaining PS has been detected on solvent rinsed 
annealed samples, but the signal was very weak. Both annealed and 
unannealed samples looked identical in ellipsometry, without showing a top 
layer remaining after the treatment process. Neutron scanning found a big 
thickness reduction on the bilayer device after solvent rinsing. AFM scans 
revealed a two-phase separation structure on both annealed and unannealed 
samples. Results suggest the blending of PS/PSS is much weaker than that in 
PMMA/PSS, and possibly caused by higher intersolubility between the two, 
due to the similar backbone structure, rather than the effect of thermal 
treatment. 
 
4. The detected insoluble layer formation in PMMA/PSS illustrated that the 
blending of immiscible TFB and PSS is not a particular case, but a more 
general phenomenon. However the mechanism of the blending and the effect 
of interlayer on properties requires further studies to reveal. 
 
5. Neutron study on a poly (3-hexyl thiophene)(P3HT)/polyethylene(PE) blend 
system revealed an unexpected rough surface. Optical micrographs showed 
that phase separation occurs, which is possibly responsible for the coarse 
sample surfaces. 
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7.2 Suggested Future Work 
 
Based on the finding summarised above, suggestions of future work are listed below: 
 
1. Analysis the neutron reflectivity data of PMMA/PSS and PS/PSS bilayer 
system using other available fitting tool to re-assess the result. Looking for 
better fit and more reasonable profile result. Off-specular reflectivity 
measurement can provide more information on the surface roughness. 
 
2. Prepare bilayer samples of PMMA on top of CLEVIOS, and examine the 
formation of the insoluble layer upon thermal annealing. Assess the effect of 
the new layer on the photovoltaic properties, like conductivity and device 
efficiency, of the CLEVIOS layer. Effect on mechanical properties is also 
worth looking at. 
 
3. Using other polyelectrolyte such poly)dimethylamine-co-epichlorohydrin-co-
ethylenediamine)(PDEE) instead of PSS in the bilayer system to examine the 
possibility of new interlayer formation upon thermal treatment. 
 
4. Look for the possibility of characterisation direct on the insoluble layer formed 
in the bilayer system used in this project. Try to get a deeper understanding of 
the physical blending mechanism. 
 
5. Analyse the phase separation in the P3HT/PE blends, identify the segregates 
using structure analysis technique like XRD, XPS or SIMMS. 
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